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Environmental pollution with persistent chemicals becomes an increasingly important 
issue worldwide. The main pathway of micropollutants into the environment was 
identified as municipal wastewater. The extended use of chemicals in many product 
formulations and insufficient wastewater treatment lead to an increase of the detected 
micropollutant quantities in wastewater effluents. A large spectrum of pollutants present 
in wastewater as traces has been reported to exert adverse effects for human and wildlife. 
Even though compounds are found in wastewater with a very small amount, they may 
have the undesirable estrogenic activity on various high forms of life.  
Membrane Bioreactor (MBR) represents one of the most promising innovations in the 
field of wastewater treatment because of its high efficiency in removal of organics and 
nutrients. The high quality of the effluent is obtained by the complete retention of 
suspended solids, the almost complete removal of pathogens, and the possibility to 
increase biodegradation of micropollutants due to the higher sludge retention time (SRT) 
in MBRs, in comparison to the conventional sewage treatment plants (STPs). The present 
research focuses on the fate and removal of hydrophobic micropollutants in a MBR.  
In this study, the fate and removal mechanisms of endocrine disrupting compounds 
(EDCs) and the effect of opertaional parameters on EDCs and their conjugates removal 
efficiency during wastewater treatment by pilot-scale and lab-scale MBRs, and batch 
experiments were investigated. The detailed study includes the comparison of removal 
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performance of estrone (E1), 17ß-estradiol (E2), 17α-ethinylestradiol (EE2), Bisphenol A 
(BPA), 4-Nonylphenol (NP) and overall estrogenicity from municipal wastewater in 
MBRs and STPs; examination of the fate of EDCs in anoxic-aerobic pilot MBR systems; 
study of the elimination kinetics of EDCs, including biodegradation of EDCs, and de-
conjugation of EDC conjugates under different initial concentration and MLSS 
concentration by batch study; study of the adsorption kinetics for EDCs and conjugates 
under different pH value by batch study, and study of the influence of SRT, hydraulic 
retention time (HRT) and anoxic zone on the elimination capacity of EDCs by lab-scale 
MBR systems study.  
First of all, MBR was verified to be a better choice to remove EDCs due to its long SRT, 
high MLSS and so on, compared with STP. It is also evident that longer HRT can 
improve the removal efficiency of E1, E2 and BPA. However, with the increase of HRT, 
the removal of NP was lowered. Moreover, the adsorption of NP on biomass was 
demonstrated to be the highest amongst all EDCs, and the adsorption of EDCs per kg 
biomass was higher in STPs than that in MBRs. 
To elucidate how the EDCs were removed in MBR more clearly, the fate of active and 
potential EDCs (EDC conjugates) in 3 pilot-scale and 2 lab-scale MBR systems were 
then conducted. Results showed that E1 was removed with relatively high efficiency 
(80.2-91.4%), but E2 was removed with moderate efficiency (49.3-66.5%) by the MBRs. 
However, the experimental results indicated that after the treatment by MBR, substantial 
amounts of E1, E1-3S (estrone-3-sulfate), estrone-3-glucuronide (E1-3G) and 17β-
estradiol-glucuronide (E2-G) passed through the treatment systems and entered into the 
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aquatic environment. The reduction in the levels of overall equivalent E1 (68.4%) and 
that of overall equivalent E2 (80.8%) was demonstrated for the pilot-scale MBR-B. For 
alkylphenol compounds, BPA was removed well with a removal efficiency of 68.9-
90.1%. In contrast, NP concentration was amplified (removal efficiency of -439.5-
161.1%) after MBR treatment which could be caused by the transformation of its parent 
compounds, nonylphenol polyethoxylates (NPnEOs). The amounts of adsorbed estrogens 
per kg dry mass was relatively low, due to short HRT and high MLSS in MBRs, 
compared to that in STPs.   
The removal of E1, E2 and their conjugates under different SRT (15, 30 and 45 d) by lab-
scale MBRs operated in parallel was assessed and compared. Estrogen glucuronides were 
easily eliminated under all SRT. The removal efficiency of estrogen sulfates was the 
highest at SRT of 45 d, but the lowest was at 30 d. It indicated that the removal of 
estrogen sulfates benefited a lot from the increase of biomass and sludge hydrophobicity 
by the increase of SRT. Also, it is clear that estrogen glucuronides were easier to be 
degraded than estrogen sulfates. For natural estrogens, SRT did not affect E2 removal 
significantly. In contrast, the removal of E1 was more complicated, because quite a big 
amount of E1 could be formed when E2, E1-3G, E2-3G, E1-3S and E2-3S were degraded, 
and the highest E1 removal efficiency was observed at SRT of 15 d. Moreover, the 
influence of anoxic zone on EDCs removal was also studied. It is clear that the anoxic 
zone could decrease the estrogens and their conjugates removal, due to the decrease of 
biomass concentration in MBRs.  
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In addition, it was found that the removal of E2 and its conjugates was strongly 
dependent on their initial concentration and MLSS concentration. In the batch 
experiments, all studied compounds were eliminated at higher rate at higher initial 
concentration and MLSS concentration. The Michaelis-Menten Model satisfactorily 
described the degradation of all compounds over the range of initial concentration and 
MLSS concentration used. Also, the degradation rates sequence amongst EDCs was 
found to be E2> E2-3G> E2-3S.  
Furthermore, the adsorption isotherm of steroid estrogens and their conjugates by the 
activated sludge was described by the Freundlich equation. Based on the results, it 
appears that pH was an important parameter. The established Freundlich Model showed 
the relatively low adsorption of E1 at pH 11.5 (KF = 0.05 mg1-1/n (m3)1/n g TSS-1), which 
might be caused by the electrostatic repulsion. In contrast, the adsorption capacity of E2 
was the highest at neutral pH (KF = 0.60 mg1-1/n (m3)1/n g TSS-1), but decreased while pH 
decreased or increased, which might be attributed to the electrostatic repulsion and other 
cations that might compete with E2 at the sorption sites.  
For estrogen conjugates, the adsorption capacity of estrogen sulfates was reported here 
for the first time. For both E1-3S and E2-3S, pH 5, 7 and 9 allowed for a comparable 
adsorption performance, the adsorption capacity was the lowest (KF = 0.006 and 0.012 
mg1-1/n (m3)1/n g TSS-1 for E1-3S and E2-3S) at a pH of 11.5, which could be caused by 
electrostatic repulsion, but was the highest (KF = 0.189 and 0.347 mg1-1/n (m3)1/n g TSS-1 




In the adsorption study, the specific adsorption coefficient KD, the distribution 
coefficients normalized to the organic matter KOM and the organic carbon content KOC of 
the adsorbent for estrogens and their conjugates were calculated. It was noted that the real 
values for the above parameters to measure the adsorbability of estrogens and conjugates 
would be slightly higher because of the experimental settings. 
This study obtained a more in-depth understanding of EDCs removal in MBR systems. 
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Municipal wastewater is a complex mixture of natural and synthetic organic chemicals 
and potentially contains thousands of compounds. Some of the synthetic organic 
compounds that are common in treated wastewater have been shown in laboratory studies 
to induce endocrine disrupting effects. These endocrine disrupting compounds (EDCs) 
include natural hormones such as natural estrogens, e.g. 17β-estradiol (E2) and estrone 
(E1) from urinary excretion; synthetic compounds used in medicine as contraceptives and 
in some hormonal therapies, e.g. 17α-ethinylestradiol (EE2); chemical intermediate used 
to make epoxy resins, polycarbonate plastics, flame retardants and dental sealants, i.e. 
bisphenol A (BPA); degradation products of nonionic surfactants, e.g. nonylphenol (NP).  
Effluents from sewage treatments plants (STPs) may be discharged into rivers with 
estrogenic contaminants at levels sufficient to induce negative influence to living 
organisms. EDCs could bring vitellogenin biosynthesis in male fish (Jobling et al., 1998). 
Birds, reptiles and mammals in polluted areas also undergo alterations of endocrine–
reproductive systems, decreased fertility and growth, poor hatching/egg shell thinning 
and abnormal thyroid function (Preziosi, 1998). Besides the above effects on animals, 
suspected effects of EDCs on humans include malformations of newborns, undescended 
testicles, abnormal sperm, low sperm counts, abnormal thyroid function, female breast 
cancer, male testicular prostate cancer and other effects (Chilvers et al., 1984; Kimmel, 
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1993; Rajpert-De-Meyts and Skakkeboek, 1993). At present, natural and synthetic 
estrogens are effective at the low ng/L level (Purdom et al., 1994; Routledge et al., 1998).  
The estrogen compounds are capable of causing the mentioned negative effects, only 
when their concentrations go beyond certain limits. For instance, 4 ng/L EE2 caused male 
fathead minnows to fail to develop normal secondary sexual characteristics (Länge et al., 
2001), and less than 1 ng/L of EE2 induced vitellogenin production in male rainbow trout 
(Jobling et al., 1996). Also, the level reported to affect fish is in the 1 to 10 ng/L range for 
E2 and in the 1 to 10 µg/L range for alkylphenol in vitro (Jobling et al., 1993), and in vivo 
(Routledge et al., 1998). 
Several researchers have attempted to quantify the concentrations of EDC compounds in 
the effluent of STPs, because they are important point discharges for the presence of 
EDCs in rivers, streams and the surface waters. The reported steroid estrogens ranged 
from 3 to 9 ng/L for E1 (Desbrow et al., 1998; Baronti et al., 2000), 0.1 to 5 ng/L for E2 
(Huang & Sedlak, 2001; Snyder et al., 2001), 1 to 8 ng/L for estriol (E3) (Desbrow et al., 
1998), and 0.1 to 9 ng/L for EE2 (Desbrow et al., 1998; Baronti et al., 2000; Spengler et 
al., 2001). Alkylphenol including NP and BPA were detected in the effluent at levels 
from 0.16 to 0.36 µg/L (Körner et al., 2000) or from 0.1 to 0.8 µg/L (Bolz et al., 2000).  
The presence of EDCs in the effluent indicates that STPs may have limited capacity to 
remove them. Membrane bioreactors (MBRs) that are a combination of two fundamental 
processes – biological degradation and membrane separation, on the other hand, are 
likely considered to possess better performance in terms of EDCs removal than STPs.  
The increased MBR performances resulted mainly from improved biodegradation 
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mechanisms (Zülke et al., 2006). This is an indirect effect of the use of micro- or ultra-
filtration membranes, which warrant the complete physical retention of the 
microorganisms and, therefore enable the cultivation and enrichment of slow-growing 
metabolic specialists. However, there are only few literatures (Holbrook et al., 2002; Joss 
et al., 2004; Spring et al., 2007) demonstrating that MBR technology can be highly 
effective for the removal of EDCs compared with STPs. In contrast, a reverse finding was 
reported by Clara et al. (2005) that ultra-filtration membranes did not allow any further 
retention of the investigated EDC compounds. Therefore, more studies are considered 
necessary to compare the EDCs removal performance between MBRs and STPs, due to 
the conflicting findings obtained from the restricted previous studies. Also, the study on 
the fate of EDCs in MBRs is also desirable. 
EDCs are eliminated and produced concurrently in the treatment plants. The production 
of EDCs is caused by the degradation of biologically inactive forms as sulphate- and 
glucoronide conjugates primarily excreted from the female body. Estrogen conjugates 
may easily be cleaved, resulting in a re-activation of the estrogens to an active form 
(Panter et al., 1999). De-conjugation has a negative effect on the removal of EDCs. 
Therefore, study into the removal mechanisms and their kinetics for both EDCs and EDC 
conjugates is valuable. The removal mechanisms for EDCS and their conjugates include 
abiotic transformation, biological degradation and sorption. Among these mechanisms, 
sorption to suspended solids and biodegradation play pre-dominant roles. Nevertheless, 
removal mechanisms do not follow a general rule since their relative contribution 
depends on the physico-chemical properties of the micropollutants, the origin and 
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composition of the wastewater, and the operational parameters of the wastewater 
treatment facility. However, little information is available on EDCs removal and de-
conjugation kinetics affected by operational parameters. 
The operational parameters of MBRs can affect the EDCs elimination evidently. Some 
researchers (Jaffe, 1999, Layton et al., 2000, Kreuzinger et al., 2004) have focused on the 
effect of SRT on the removal of EDCs. However, no conclusion has been reached. Also, 
the relationship between MLSS concentration and adsorption of E1 has been studied by 
Schäfer et al. (2002). Results showed that the E1 adsorption increased linearly with the 
MLSS concentration. However, no work has revealed the relationship between MLSS 
and the other removal mechanisms including biodegradation of EDCs, deconjugation of 
EDC conjugates for all EDC compounds. Furthermore, the influence of initial 
concentration on EDCs removal performance has been studied, but the two aerobic batch 
studies (Ternes et al., 1999; Li et al., 2005) are not systematic, because not all of EDCs or 
EDC conjugates were studied, and only either capacity or kinetics study was done in each 
study. In addition, little information is available on the effect of HRT, pH and anoxic 
zone on EDCs removal. Therefore, studies on the influence of operational parameters on 
EDCs removal are still limited, and systematic studies on the influence of operational 
parameters on the removal of EDCs are desirable and needed. This kind of study is 
important for determining EDCs removal in real wastewater matrix and evaluating the 
best operational parameters for EDCs removal in MBR systems. 
In brief, although there are some reports available in literature, there is a general lack of 
fundamental understanding in terms of removal of EDCs by MBRs in a real wastewater 
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matrix. More specifically, the removal kinetics and capacity, effect of operational 
parameter on EDCs removal are still poorly understood. Thus, more research effort is 
needed to better understand the above relationships, the issue of which is to be 
investigated in this research work. This would be critical information enabling one to 
design and operate MBR more efficiently for wastewater treatment and to prevent the 
release of potentially harmful EDCs into the aquatic environment. 
1.2 Objectives and Scope of Study 
In view of the above, the overall objective of this research is to investigate the removal of 
EDCs in municipal wastewater by MBR systems. To understand how EDCs are removed 
in MBRs, this study will investigate the fate of EDCs and conjugates in MBR systems, 
elimination kinetics of EDCs, and the influence of operational parameters on EDCs and 
conjugates removal. The specific-objectives are listed as follows: 
• To compare the removal performance of EDCs by lab-scale MBR and STP. The 
influence of HRT on EDCs removal was also investigated.  
• To investigate the removal performance of particular compounds, E1, E2, EE2, 
BPA, NP and natural EDC conjugates, and overall estrogenicity in municipal 
wastewater by the examination of anoxic-aerobic pilot-scale MBR systems. 
• To study the elimination kinetics of EDCs, including biodegradation of EDCs, 
and de-conjugation of EDC conjugates under different initial concentration and 
MLSS concentration by batch study.  
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• To study the adsorption kinetics for EDC and EDC conjugates under different pH 
value by batch study.  
• To study the influence of SRT and anoxic zone on the elimination capacity of 
EDCs by lab-scale MBR systems study. 
This study focused on the removal mechanisms of EDCs in MBR systems including 
biodegradation of EDCs, absorption of EDCs to activated sludge and de-conjugation of 
EDC conjugates. The study of removal mechanisms was able to gather information on the 
removal efficiency of EDCs and predict the removal efficiency of EDCs in MBR systems. 
A more fundamental insight into the mechanisms of EDCs removal in MBRs will help in 
further development of future MBR plants. This offers a broader perspective and an 
important boost to this study. It will also result in a better safeguarding of the quality of 
the treated water effluent regarding EDCs. The interaction between membrane and EDCs 
was neglected, because the pore size of membranes in MBR systems could not retain 
EDCs, and the adsorption of EDCs to membranes reduced to zero, when the EDC 
concentration on membrane surface reached an equilibrium value.  
Figure 1.1 illustrates an investigative flow of the project. This study is divided into four 
phases. In the first phase, detection methods were optimized and lab-scale systems were 
set up. Preliminary lab-scale MBR and STP comparison was studied in the second phase. 
Pilot-scale, lab-scale MBRs and batch studies were conducted in the third and fourth 
phases. Pilot MBR systems were investigated prior to lab-scale MBR study to obtain the 
performance in terms of EDCs removal. On the basis of pilot-scale plant study, the lab-
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scale MBR system and batch system were utilized in the fourth phase. The lab-scale 
MBR and batch systems were performed for the in-depth study on effects of operational 
parameters on EDCs removal kinetics. 
• Phase I - set up: To select and optimize detection method; to set up the lab 
experiments systems 
• Phase II - comparison study: To compare the removal performance of EDCs by 
lab-scale MBR and STP, and the influent of HRT on EDCs removal was also 
investigated. 
• Phase III- pilot-scale study: To study the fate of EDCs  in solid and liquid phases 
for three MBR pilot plants 
• Phase IV- lab-scale MBR and batch study: To study the influence of operation 
parameters on the elimination kinetics of EDCs by the lab experiments 
The overall work conducted in this study would provide an in-depth and a better 
understanding of the removal mechanisms and capacity of EDCs in a complex real 
wastewater matrix by MBRs. The study of influence of operation factors on EDCs 
treatment yield a more detailed insight for practical use of different MBR systems to 
eliminate EDCs in the wastewater. More importantly, the results obtained from this 
investigation would also contribute to improvements in EDCs removal in membrane 
bioreactor processes.  
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CHAPTER 2 LITERATURE REVIEW 
 
 
2.1 Endocrine Disrupting Compounds  
2.1.1 General Comments 
Endocrine disrupting compounds are defined by their ability to mimic or interfere with 
the mechanisms that govern the biosynthesis, transport or availability, and metabolism of 
hormones (Lister et al., 2001). An endocrine disrupting chemical has been also defined 
by the European Commission as “an exogenous substance that cause adverse health 
effects in an intact organism, or its progeny, consequent to changes in endocrine 
function” (Jeannot et al., 2002). Steroid sex hormones and related synthetic compounds, 
e.g. those used in contraceptive pills, have been shown to be present in the aquatic 
environment, mainly as a result of inefficient removal in sewage treatment plants. The 
concentrations of the compounds, although very low, at ng/L, are sufficient to induce 
estrogenic responses and alter the normal reproduction and development of wildlife 
organisms.  
In this section, current knowledge on the issue of EDCs, such as their sources, 
classification, occurrences in aquatic environment, potential adverse impacts on 
ecosystem, the methods of their detection as well as the advanced technologies for their 
removal are reviewed. 
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2.1.2 Classification of EDCs 
EDCs do not have any structural similarity or common chemical properties. Therefore, 
they may cover a wide range of chemicals in environment. Among them, the compounds 
with estrogenic activity are the EDCs mainly concerned in aqueous system. There are 
mainly three groups of EDC compounds: steroid estrogens, including natural estrogens, 
which comprise E1, E2 and E3, and synthetic estrogens which comprise EE2; man-made 
chemicals, which comprise alkylphenol xenoestrogens including NP and BPA and 
phytoestrogens (Baker, 2001; Layton et al., 2000). 
2.1.2.1 Natural and Synthetic Steroid Hormones 
 
Of these three groups, it appears that the steroid estrogens represent the predominant 
form of estrogenic activity in wastewater effluents. Natural hormones are from any 
animal, released into the environment, and chemicals produced by one species that exert 
hormonal actions on other animals, e.g. human hormones unintentionally reactivated 
during the processing of human waste in sewage effluent, may result in endocrine 
disrupting effects in fish. Synthetic steroid hormones including EE2 is a kind of 
contraceptive utilized as ingredients of birth control pills (Desbrow et al., 1998). 
Synthetically produced pharmaceuticals are intended to be highly hormonally active, e.g. 
the contraceptive pill and treatments for hormone-responsive cancers may also be 
detected in sewage effluent.  
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Natural and synthetic steroid hormones are of special concern due to their extremely high 
endocrine disrupting potency, despite of their low concentrations at ng/L level in waters. 
It has been reported that the compounds responsible for the major estrogenic activity in 
aquatic environments are natural steroid hormones, E2, E1 as well as synthetic steroid 
hormone, EE2 (Desbrow et al., 1998). Using a fractionalization method, Snyder et al. 
(2001) also concluded that 88-99.5% of the 17ß-estradiol equivalence (E2-Eq) was due to 
E2 and EE2 with a very small portion (0.5%) attributed to alkylphenols.  
As for E1, although its relative estrogenic potency to E2 is 0.14 (Metcalfe et al., 2001), it 
is frequently found at concentrations in the effluent greater than double that of E2, and 
thus E1 is also very persistent in sewage treatment process. Therefore, E1 appears to be 
very important EDCs on the basis of its concentration, relative persistence in treatment 
and potency (D’Ascenzo et al., 2003; Johnson and Sumpter, 2001). Hydroxyl and 
carbonyl functional groups of E1 (shown as Fig. 2.1) make them capable of participating 
in hydrogen bonding, as a proton-donor or proton-acceptor species (Nghiem et al., 2002).  
Among natural estrogens, E2 is the one that display the highest estrogenic capacities 
(Allen et al., 1999; Desbrow et al., 1998). It has been shown that E2 concentrations as 
low as 1 ng/L show a clear endocrine disrupting effect on fish (Purdom et al., 1994). 
Many STPs using current practices appear to have good removal performance of E2, 
although E2 is relatively slowly reduced during biological treatment (Kobuke et al., 
2002). E2 is hydrophobic, and have a very low solubility in water (Merck, 1996). 
Hydroxyl and carbonyl functional groups of E2 (shown in Figure 2.1) make them capable 
of participating in hydrogen bonding, as a proton-donor or proton-acceptor species.  
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The presence of estriol (E3), the weakest of the three major estrogens as shown in Figure 
2.1, in the environment has received little attention until recently, although, as a natural 
hormone, excreted mainly in the urine of mammals, it has always been present. Levels of 
E3 in the environment might, however, have increased steadily throughout the years, as a 
result of the continuously growing global population and of livestock-farming practices; 
point-source higher levels of the hormone can also be expected in certain areas, as a 
consequence of the concentration of the population in large cities. While high effluent 
concentrations have been reported, it would not be selected as the concerned compound 
due to its relatively low potency as compared to other steroidal estrogens (The relative 
estrogenic potency of E3 to E2:  0.037, Metcalfe et al., 2001).  
The environmental presence of EE2 (shown as Figure 2.1), the most difficult estrogen to 
be evaluated, might have increased markedly in recent decades, because of the 
widespread use both of birth-control pills and of other drugs prepared with this and other 
analogous compounds for treatment of cancers or hormonal disorders as common as the 
menopause. The relative estrogenic potency of E2 is 0.38 (Metcalfe et al., 2001). 
Synthetic hormones are generally more stable in water because they are less soluble 
(Snyder, 1999).  EE2 solubility in pure water and sewage was reported to be 3 times less 
soluble than natural steroidal estrogens (Desbrow et al., 1998; Tabak et al., 1981).  
However, it would not be selected as the key player due to its much lower concentration 
than those of natural hormones (Johnson and Sumpter, 2001).      
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E1 C18H22O2 270.4 10.4 0.8-12.4 3.1-4.0 
E2 C18H24O2 272.4 10.4 3.9-13.3 3.1-4.0 
E3 C18H24O3 288.4 10.4 3.2-13.3 2.6-2.8 
EE2 C20H24O2 296.4 10.2 4.8 3.7-4.1 
 
 
E1                                                                           E2 
                      
E3                                                                         EE2 
Figure 2.1: Molecular Structure of Natural and Synthetic Steroid Hormones 
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2.1.2.2 Man-made Chemicals 
 
Man-made chemicals and by-products are released into the environment. Laboratory 
experiments have suggested that some man-made chemicals might be able to cause 
endocrine changes. The hormonal activity of these chemicals is many times weaker than 
the body's own naturally present hormones. These kinds of compounds are made 
commercially for specific purpose or produced as by products of manufacturing processes.  
The list of them includes (Laganà et al., 2004; Ying and Kookana, 2002):  
• Pesticides (e.g. atrazine, DDT and other chlorinated compounds) 
• Persistent organochlorines and organohalogens [e.g. dioxins, furans and  
polychlorinated biphenyls (PCBs)] 
• Alkylphenols (NP, BPA and octylphenol) 
Amongst them, both of NP and BPA have attracted a great deal of attention because they 
have weak estrogenic properties. Properties of BPA and NP were shown in Table 2.2. 
Although they have frequently been detected in industrial effluents and river waters at 
concentrations exceeding 1 μg/L in many countries (Johnson and Sumpter, 2001), the 
potency of them is up to several thousands times lower than that of steroid hormones 
(Nghiem et al., 2004b; Soto et al., 1995). Körner et al. (2000) reported that alkylphenols 
were a small percentage of total E2-Eq, and the contribution of the quantified levels of 
phenolic xenoestrogens to total estrogenic activity in the sewage was 0.7-4.3%, and made 
no further contribution to the total estrogenicity in river water (Behnisch et al., 2001). 
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Therefore, less attention has been directed to these compounds compared to steroid 
hormones in water industry. 
BPA (shown in Figure 2.2) is one of the most important and most extensively produced 
organic chemicals. It is a fast growing market with an increase of the annual production 
rates of 5 to 6 %. BPA is mainly processed to polycarbonates (PC), epoxy resins (ER), 
and the flame retardant tetrabromobisphenol A, and it is used as a color developing agent 
in temperature sensitive papers. The increase of the world phenol production is mainly 
attributed to increasing PC demand (Chemexpo.com, 1999). 75 % of the worlds epoxy 
resin production is made from BPA (Muskopf and Mccollister, 1987). The estrogen–like 
effects of BPA have been well–known since 1936 (Dodds & Lawson), but especially the 
low–dose effects are still controversially discussed, because its relative estrogenic 
potency to E2 is only 0.000037 (Metcalfe et al., 2001). 
NP, shown in Figure 2.2, is a term used to refer to a group of isomeric compounds each 
consisting of a nine-carbon alkyl chain attached to a phenol ring, with the chemical 
formula C15H24O. The various isomers can differ both in the degree of alkyl chain 
branching and in the position on the phenol ring at which the alkyl chain is attached. 
Most NP produced commercially is in the form of 4-nonylphenol (i.e., with the alkyl 
chain attached at the para-position) with varied alkyl chain branching. So all the NP 
mentioned in this study refer to 4-NP. 4-NP showed an estrogen-like action in several in 
vitro and in vivo assays. The relative estrogenic potency varied in the different test 
systems and was by a factor of 10-3-10-6 lower than for estradiol and its relative 
estrogenic potency to E2 is only 0.000089 (Metcalfe et al., 2001). The European 
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Commission has suggested that NP be included in a list of priority substances for 
pollution prevention policies in the water sector (Wintgens et al., 2002). 










BPA C15H16O2 228.29 10.30 120 3.32 
NP C15H24O 220.34 10.28 6 4.48 
 
 
                
 
Figure 2.2: Molecular Structure of BPA and NP  
With economic growth, more and more emerging chemicals are being used and/or 
produced in industry and agriculture. Most of them have not been tested for potential 
endocrine activity. Further research is therefore needed to determine whether they should 
be classified as EDCs. 
 





Phytoestrogens, also called "dietary estrogens", are a diverse group of naturally occurring 
non steroidal plant compounds that have the ability to cause estrogenic and/or 
antiestrogenic effects, because of their structural similarity with estradiol (Yildiz, 2005). 
They are naturally synthesized in a diverse number of plants such as cereals, legumes and 
grasses (Laganà et al., 2004).  
Phytoestrogens mainly belong to a large group of substituted phenolic compounds known 
as flavonoids: the coumestans, prenylated flavonoids and isoflavones are three of the 
most active in estrogenic effects in this class, shown in Figure 2.3. The best-researched 
are isoflavones, which are commonly found in soy and red clover.  
Their role in the health of humans and wildlife recently become an important discussion 
topic. On one hand, phytoestrogens are described as health-promoting substances (e.g. 
they should inhibit tumor initiation and oxidative damage (Laganà et al., 2004) and also 
alleviate menopausal symptoms). Evidence is accruing that phytoestrogens may have 
protective action against diverse health disorders as prostate, breast, bowel, and other 
cancers, cardiovascular disease, brain function disorders, menopausal symptoms and 
osteoporosis (Yildiz, 2005; Johnston, 2003). On the other hand, some studies have 
suggested that they are potentially harmful if exposure occurs during development 
(Ferguson et al., 2002). In the 1940s it was noticed for the first time that red clover (a 
phyoestrogens-rich plant) pastures had effects on the fertility of grazing sheep (Yildiz, 
2005). Researchers are still exploring the nutritional role of these substances in such 
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diverse metabolic functions as the regulation of cholesterol, and the maintaining of proper 
bone density post-menopause. 
Though they are structurally and functionally similar to steroid hormones and they can 
exert biological effects in cell cultural systems and animals (Juberg et al., 2000), they are 
much weaker in estrogenicity than steroid hormones. The phytoestrogens tested, 
including biochanin A, genistein, diadzein, genistin, coumestrol and formononetin, are 
more potent luciferase inducers in the ER-CALUX assay than the industrial chemicals, 
with a relative potency of 10-5 to 10-4 in comparison to E2 (Belfroid et al., 1999). Their 
concentrations ranging from 4 to 157 ng/L and up to 22 ng/L were found in drainage and 
river water, respectively (Erbs et al., 2007). In this study, this group of estrogens is not 
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2.1.3 Affecting Mechanisms of EDCs to Organisms 
EDCs can alter functions of the endocrine system and consequently causes adverse health 
effects in an intact organism, or its progeny, or (sub) populations by disturbing the 
homeostatic mechanisms of the body or initiating processes at abnormal times in the life 
cycle. EDCs can exert their effects through a number of different mechanisms (European 
Commission, 2007): 
• They may mimic the biological activity of a hormone by binding to a cellular 
receptor, lead to an unwarranted response by initiating the cell's normal response 
to the naturally occurring hormone at the wrong time or to an excessive extent 
(agonistic effect). 
• They may bind to the receptor but not activate it. Instead the presence of the 
chemical on the receptor will prevent binding of the natural hormone (antagonistic 
effect). 
• They may bind to transport proteins in the blood, thus altering the amounts of 
natural hormones that are present in the circulation. 
• They may interfere with the metabolic processes in the body, affecting the 
synthesis or breakdown rates of the natural hormones. 
Up to now, because of a series of observations in both humans and wildlife, the spotlight 
has focused on disruption to those hormones that play a major part in the control of 
reproduction and development. The main area of concern has been the steroid hormones 
produced by the gonads which, in conjunction with some other hormones (particularly 
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those produced by the pituitary), control processes such as reproduction and sexual 
behavior, fetal differentiation and development, and maturation. They also influence the 
immune system and general metabolism. 
More recently, research has indicated that some EDCs may disrupt thyroid function, with 
concerns focusing particularly on the role of the thyroid in the developmental process. 
There are some evidences that known EDCs may affect the immune system and may also 
have some neurotoxicity although the mechanisms by which these effects may occur have 
not been elucidated. 
2.1.4 Negative Influences of EDCs on Wildlife and Human Beings 
In humans, endocrine disrupters have been suggested as being responsible for apparent 
changes seen in human health patterns over recent decades. A number of observations of 
adverse effects have been made in which endocrine disrupters could play a role, including 
(European Commission, 2007): 
• Declining sperm counts: Several epidemiological studies have shown a decline in 
human sperm counts in the US and especially in Europe over the last 50 years 
(Auger et al. 1995; Swan and Elkin 1999; Swan et al. 2000; Jorgensen et al. 2001). 
Pesticide and herbicide exposures have been hypothesized as explanations for the 
lower sperm counts and semen quality of men from mid-western farming regions 
than from urban regions of the US (Swan et al. 2003).   
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•  Congenital malformations in children: In recent years there has been an increase 
in the incidence of hypospadias (a congenital abnormality of the urethra in the 
penis) and cryptorchidism (undescended testes) in humans. 
•  Cancer: Increased incidences of hormone-related cancers of both women (breast 
& ovary) and males (testes & prostate) have been observed in the West and in 
countries adopting Western lifestyles. Again a causal association with chemicals 
has not been shown, and numerous other lifestyle factors are known to be 
important. 
• Retarded sexual development: A few reports have been published suggesting that 
adolescents in polluted areas may take longer to reach puberty. 
•  Retarded neurobehavioural development, e.g. children born in polluted areas has 
some impairment of memory and intelligence. 
Unlike the situation for humans, the evidence for endocrine disruption occurring in 
some wildlife species is much more compelling. This may reflect a greater level of 
exposure for some wildlife populations or it may be due to differences in 
susceptibility between humans and animals. Some well established examples of 
adverse effects in wildlife include (European Commission, 2007): 
• Historically, egg-thinning with resultant poor reproductive success was noted in 
some bird species exposed to high levels of DDT. Disturbed nesting behaviour 
and beak and skeletal abnormalities have also been noted in other species exposed 
to high levels of environmental chemicals. 
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• Imposex (male genitalia in female) in marine molluscs; known to be due to 
exposure to antifouling paints on ships that contain organotin compounds. 
• Feminisation (development of female gonadal tissue and production of an egg 
yolk protein, vitellogenin) in male fresh water fish in rivers or lakes exposed to 
treated sewage effluents, in many parts of Europe; similar changes also being 
noted in estuaries. 
• Impaired reproductive development, and abnormalities of the reproductive system 
in alligators in a polluted lake in Florida USA, and in turtles in the Great Lakes, 
USA. 
Other adverse changes in wildlife species that have been suggested, but not proven, to be 
related to exposure to pollutants, include: 
• Reproductive impairment or abnormalities in whales, seals and polar bears. 
• Impaired immune function in seals. 
• Skeletal deformities in frogs. 
2.1.5 Detection of EDCs 
2.1.5.1 Chemical Analysis 
 
The wide recognition that EDCs are contaminants in aquatic environment that may 
interfere with normal endocrine function of both wildlife and humans has focused 
attention on the need for highly sensitive and selective techniques that are applicable for 
trace EDCs analysis in a complex environmental matrix. Although it is still a long way 
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from becoming a routine analysis, in the last few years an increasing number of analytical 
techniques have been reported in literature for monitoring these compounds in the 
environmental waters. Because of extremely low concentrations of EDCs in aquatic 
samples, a simple extraction and pre-concentration step was needed prior to analysis. The 
commonly used sample preparation methods for aqueous samples are liquid–liquid 
extraction (LLE) and solid-phase extraction (SPE). The SPE needs less solvent than LLE 
and has been proved to be an important tool for the isolation and preconcentration of a 
wide variety of contaminants in environment. Moreover, SPE is also possible to achieve 
trace enrichment and clean-up in one step. For this purpose, SPE was mostly developed 
for enrichment of EDCs in water samples (Li et al., 2004). Several types of SPE 
cartridges from different manufacturers have been commonly used to extract EDCs from 
aqueous samples (Table 2.3). Liu et al. (2004) evaluated their extraction efficiency of 
EDCs. Of all the cartridges, Waters Oasis HLB copolymer cartridges showed the best 
recoveries overall.   
A number of analytical methods are available to quantify trace EDCs in environmental 
waters by more sensitive and reliable techniques, such as gas chromatography (GC) / 
mass spectrometry (MS) or GC/MS/MS (Belfroid et al., 1999; Croley et al., 2000; 
Ingrand et al., 2003). For example, Belfroid et al. (1999) developed an analytical 
procedure based on SPE followed by a derivatization step prior to detection by GC/MS. 
This method enables routine analysis of four steroid hormones in aquatic environment 
with a recovery of 88-98% and a limit of detection of 0.1-2.4 ng/L.  However, analytical 
methodologies based on GC technique for analyzing many EDCs are time-consuming and 
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labor-intensive as they require preparation of suitable EDCs derivatives (D'Ascenzo et al., 
2003). 
Table 2.3: A Summary of the Different Types of SPE Cartridges Commonly Used 
Cartridges  Descriptions  Manufacturer  
Strata CN (1g, 6ml) Cyanopropyl   Phenomenex  
Strata X (0.2g, 6ml) Patent-pending polymeric material  Phenomenex 
Strata SI-1 (1g, 6ml) Silica sorbent Phenomenex 
DSC-18 (1g, 6ml) Polymerically bonded, octadecyl 
(18%)   
Supelco  
DSC-Si (1g, 6ml) Unbonded acid washed silica 
sorbent  
Supelco 
DPA-6S (0.5g, 6ml) Polyamide resin  Supelco 
Isolute C18 (1g, 6ml) Octadecyl  International Sorbent 
Technology  








Unlike GC/MS, liquid chromatography (LC) / MS enables the determination of EDCs 
without derivatization and is not limited by such factors as nonvolatility and high 
molecular weight (López de Alda and Barceló, 2000). LC/MS/MS offers the advantage of 
being more sensitive and specific as well as allowing the simultaneous monitoring of a 
wide range of molecules and matrix. Several authors have recently reported extremely 
high sensitivity (0.1-1.9 ng/L) for EDCs in environmental samples using LC/MS/MS 
with electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI) 
detection (Baronti, et al., 2000; Laganà et al., 2004; Vanderford et al., 2003). For 
example, a method for determination of steroid hormones in aquatic environmental 
samples using SPE and LC/MS/MS was developed by Laganà et al. (2004). This method 
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demonstrated limits of detection (LODs) of 0.1-1.2 ng/L for E1, 0.2-1.9 ng/L for E2 and 
0.4-1.6 ng/L for EE2. The recovery for all steroid hormones ranged between 89% and 
100% in all kinds of sample matrix including STPs influent, effluent and river waters. 
Furthermore, LC/MS/MS techniques permit rapid sample throughput so that eliminate the 
possibility of sample degradation (Croley et al., 2000). Based on the above review of 
analytical methodologies reported in literature, the LC/MS/MS has shown the most 
promising.    
2.1.5.2 Biological Assays 
 
Biological assays include in vitro and in vivo assay.  A number of in vitro assays have 
been developed to screen substances for estrogenicity (Zacharewski, 1997). These assays 
include competitive ligand binding assays, cell proliferation assays, recombinant 
receptor–reporter assays, and yeast-based screens for estrogens. Each assay measures 
different aspects of the effect chain resulting in estrogenic effects but these also suffer 
from a number of drawbacks, as earlier tests using standards of environmental pollutants 
have shown (Zacharewski, 1997). 
The E-screen with MCF7 breast cancer cells (Soto et al., 1992) is based on estrogen-
dependent cell proliferation, and, also, compounds other than (anti-)estrogens have been 
reported to stimulate or inhibit cell growth (Dickson and Lippman,1995) thus over- or 
underestimating the response. In addition, the incubation period of 8 days is not 
considered practical. Therefore, the ER competitive ligand binding assay (Schwartz and 
Skafar, 1993) and two reporter gene effect assays based on an estrogenic response: a 
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yeast estrogen screen (YES) (Routledge and Sumpter, 1996) and the ER-mediated 
chemically activated luciferase gene expression (ERCALUX) assay (Legler et al.,1999) 
were more recommended. 
 






                                   (c) 
Figure 2.4: Schematic Representation of Mechanisms of Action of (Anti-)estrogenic 
Responses as Measured in Three In-vitro Bioassays. (a) Estrogen Receptor (ER) 
Competitive Ligand Binding Assay, (b) a Yeast Estrogen Screen Assay in Stably 
Transformed Yeast Cells, and (c) ER-mediated Chemically Activated Luciferase Gene 
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Figure 2.4 schematically represents the mechanisms of (anti-) estrogenic responses of 
these three in vitro assays, illustrating the fact that each measures different aspects of the 
effect chain resulting in estrogenic effects, and ERE means estrogen responsive element. 
The first step, binding of a compound to the ER, is measured in the ER competitive 
ligand binding assay. Binding to the ER of both agonists and antagonists will give a 
positive response, and all compounds can reach the ER without having to pass a cell 
membrane. In cells the next step after binding of a (xeno) estrogen is activation of the 
receptor, dimerization and translocation of this complex to the nucleus, and binding to the 
estrogen-responsive element in the DNA (Ing and O’Malley, 1995).  
The YES assay uses a yeast cell transformed with a human ER and a plasmid containing 
the estrogen-responsive element and the LacZ gene as a reporter gene coding for β-
galactosidase. Activation of the receptor results in increased red coloring of the assay 
medium. This assay is a measure of agonistic action. The two known antagonists, 
tamoxifen and ICI 182,780, are not active in the YES assay (Legler, 2001) and transport 
of some relatively large or lipophilic molecules through the yeast cell membrane may be 
impaired (Legler, 2001). In the ER-CALUX assay, reporter gene expression also is a 
measure of the ER-mediated cascade of events resulting in activation of genes. The T47D 
human breast adenocarcinoma cells with endogenous estrogen receptor were stably 
transfected with an estrogen-responsive luciferase reporter gene containing three 
estrogen-responsive elements. Both hydrophilic and lipophilic compounds can pass 
through the cell membrane and anti-estrogenic potency can be detected as well (Legler, 
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2001). In all three assays, the only (in the YES assay) or most important ER is ER-α, so 
no important difference is to be expected between assays on this point.  
In vivo assays use animals as biological models. For example, the Fish Screen assay 
examines abnormalities associated with survival, reproductive behavior, secondary sex 
characteristics, histopathology, and fecundity (e.g. number of spawns, number of 
eggs/spawn, fertility, and development of offspring) of fish exposed to test chemicals. 
The Uterotrophic assay involves the use of female rats to screen for estrogenic effects. In 
this in vivo assay, uterine weight changes are measured in ovariectomised or immature 
female rats. The Amphibian Development, Reproduction assay involves the use of frogs 
to characterize dose-response characteristics and adverse reproductive and developmental 
effects. 
2.1.6 Occurrence of EDCs in Sewage Treatment Plants Effluent 
Transport of EDCs via bank filtration from contaminated surface water into groundwater, 
as well as the infiltration of wastewaters directly from leakage in drains is possible 
(Ternes et al., 1999). However, the major source of this type of pollution should be the 
release of STPs effluents. To investigate whether the effluent of most sewage treatment 
plants contains EDCs and whether these EDCs lead to the negative effects, investigators 
in Italy, Netherlands, Germany, Canada, UK, Japan, Spain, Switzerland, US and so on 
have attempted to quantify the concentrations of those compounds in the effluent of 
municipal or industrial STPs. As shown in Table 2.4, major EDCs such as E1, E2, EE2, 
NP and BPA have been widely identified and reported in treated wastewater effluents 
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(Desbrow et al, 1998; Belfroid et al., 1999; Ternes et al., 1999; Baronti et al., 2000; 
Körner et al., 2000; Huang and Sedlak, 2001; Spengler et al., 2001; Snyder et al., 2001; 
Weltin et al., 2002; Ying et al., 2002a&2002b; Williams et al., 2003; Laganà et al., 
2004). Concentrations of alkylphenols in the effluents ranged from 13 to 2520 ng/L for 
BPA and from 0.08 to 343 µg/L for NP. As for estrogenic steroid hormones, E1 was 
detected with concentration up to 82.1 ng/L. E2 was detected frequently and the 
concentration was up to 64 ng/L, but EE2 was detected infrequently, up to 42 ng/L.  




E1 E2 EE2 NP BPA 
Italy  2.5-82.1 0.35-8 <LODa-1.7 1120-2235 13-36  
Netherlands <0.4-47 <0.1-12 <0.2-7.5 - - 
Germany  <LOD-70 <1-64 <LOD-42 100-3600 30-2520 
Canada  <LOD-48 <LOD-64 <LOD-42 800-15100 - 
UK 1.4-76 2.7-48 <0.2-4.3 - - 
Japan - 0.3-55 - 80-1240 - 
USA 70  0.05-4.05 <LOD-2.42 180-15900 - 
Switzerland  - - - 5000-11000 - 
Spain  - - - 6000-343000 - 
 LOD = limit of detection            
 
Moreover, a number of studies have shown estrogenic activity in STPs effluents using 
fish or other biological assay systems (Harries et al., 1996&1999; Körner et al., 1999; 
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Purdom et al., 1994). Tilton et al. (2002) identified effluents from two domestic 
wastewater treatment plants in the US had estrogen equivalent values ranging from 23 to 
123 ng/L E2 equivalents utilizing an E2 concentration-vitellogenin response curve 
generated in laboratory. Onda et al. (2001) also detected the E2 equivalent concentration 
in the treated sewage at the level of several tens ng/L using recombinant yeast.   
2.2 Treatment of EDCs in Sewage Treatment Plants 
2.2.1 General Comments 
Several endocrine disrupting substances, including steroid estrogens and alkylphenol 
polyethoxylates, have been found in the sewage treatmen plant effluents and surface 
waters (Ahel et al., 1994), indicating that STPs could not remove EDCs fully. The EDCs 
were eliminated partially in treatment plants, because a relatively high percentage of 
EDCs were expected to partition into MLSS, and then appreciable degradation occurred. 
However, EDCs could not only be eliminated, but also be formed during biological 
wastewater treatment, due to the de-conjugation of EDC conjugates. Therefore, the 
removal efficiency of EDCs in treatment plants is a combination of two effects. 
2.2.2 Elimination of EDCs during Biological Wastewater Treatment 
2.2.2.1 Biodegradation of EDCs  
The biodegradation efficiency depends on how quickly microorganisms tend to degrade 
EDCs (Schäfer et al., 2002). Bench scale degradation experiments have been performed 
on both groups of EDCs. Ternes et al. (1999) reported that E2 was readily oxidized to E1 
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by municipal MLSS, whereas EE2 was fairly recalcitrant. These results are in agreement 
with the 14C-labeled experiments conducted by Layton et al. (2000) who reported rapid 
mineralization of 14C-E2 but a significant reduction in the mineralization rate of 14C-
EE2.  
In other studies, slower degradation of E2 and the primary degradation products E1 were 
observed. Here 88% was degraded to E1 after 24 hours, and 95% of the E1 was degraded 
after 14 days (Lee & Liu, 2002). In corresponding studies under anaerobic conditions E2 
degraded considerably slower (50% after 7 days), while E1 accumulated. Jügen et al., 
(1999) reported that the one with an anaerobic zone would biodegrade less than the plant 
that is completely aerobic, because endocrine disrupters are more persistent under 
anaerobic conditions. On the other hand, E1 could be reduced to E2 under anaerobic 
conditions (Adriano et al., 2004). Concerning the synthetic estrogen EE2, only 20% was 
degraded after 24 hours under aerobic conditions.  
BPA and NP are not persistent in the aquatic environment. The biodegradability and 
aerobic biodegradation kinetics of NP and BPA by activated sludge was assessed by Shen 
et al. (2007). For the degradation of NP and BPA, the apparent rate constant based on 
total concentration is 0.01 and 0.03 h−1, respectively; with the half life being 54.3 and 
22.3 h correspondingly. Meanwhile, real rate constants based on free concentration are 
0.60 and 1.03 h−1, respectively; with the half life being 1.2 and 0.7 h accordingly. 
Differences between two constants revealed that desorption of targeted pollutants from 
activated sludge should be the rate-limiting step.  
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The biodegradability of BPA was also assessed in surface waters from seven different 
rivers across the United States and Europe by Klečka et al. (2001). Rapid biodegradation 
of BPA was observed in all rivers following a lag phase ranging from 2 to 4 d. 
Biodegradation half-lives for BPA are typically less than 2 d following the lag phase. 
Mineralization of BPA was observed in all river waters, with average carbon dioxide 
yields of approximately 76% of the theoretical maximum (range 59-103%) at the end of 
the incubation period (≤18 d). Short half-lives (0.5 to 3 d) were noted for BPA 
biodegradation in river waters regardless of geographic location, sampling site (i.e., 
upstream vs downstream of wastewater outfalls), sediment addition (≤0.05%), and initial 
test chemical concentration (50-5,500 μg/L). Subsequent studies conducted at 
environmentally relevant concentrations (0.05 and 0.5 μg/L) also indicated short half-
lives (3-6 d) for BPA and supported the extrapolation of the half-lives measured in this 
study over a wide range of environmental concentrations. The fact that BPA was 
degraded rapidly in surface waters taken from diverse locations in the United States and 
Europe as well as in studies recently conducted in Japan suggests that BPA degrading 
microorganisms are widely distributed in nature. These observations provide clear 
evidence that BPA is not persistent in the aquatic environment. 
2.2.2.2 Adsorption of EDCs to Activated Sludge  
Sludge is a mixed liquor of two main fractions: microbial floc and supernatant containing 
colloids and solutes. Each has its own physicochemical and biological properties (Lee et 
al., 2003). The biological suspended solids in activated sludge (MLSS) represent a 
significant sink for estrogenic compounds. Based on the octanol-water partition 
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coefficient (Kow) of steroidal estrogens (values from 3 to 5 are typical), a relatively high 
percentage of these compounds are expected to partition into MLSS before appreciable 
degradation occurs (Huang et al, 2001; Layton et al., 2000). High concentrations of NP 
and BPA have been reported in sludge, and the analytical results indicated that NP and 
BPA were only partially removed from the sewage during wastewater treatment (Körner 
et al., 2000). Bolz et al. (2000) reported that 32% of BPA, 35% of NP were adsorbed to 
the sludge. In Taiwan, up to 244,000 µg/kg d.m. NP in sludge samples has been detected 
( Lin et al., 1999) , and in Canada 33 to 36,700 µg/kg dm BPA have been found in sludge 
samples ( Lee and Peart, 2000). Ternes et al. (2002) reported in activated sewage sludge, 
E1 and E2 were detected up to 37 ng/g and 49 ng/g, respectively, and EE2 up to 17 ng/g.  
2.2.3 Formation of EDCs during Biological Wastewater Treatment                                   
                    − De-conjugation of EDC Conjugates 
The mechanisms and kinetics of de-conjugation of estrogen conjugates are important 
factors to determine, because de-conjugation of estrogen conjugates brings negative 
effect to the removal of estrogens. To facilitate the excretion with urine the female body 
primarily excretes estrogens in a biological inactive form as sulphate- and glucoronide 
conjugates. The glucuronides concentrations entering 20 STPs ranged between 5.3 and 
100 ng/L (median, 18 ng/L) for E2-G (including E2-3G and E2-17G), ND-88 ng/L 
(median, 11 ng/L) for E1-G, and 4.1-73 ng/L (median, 22 ng/L) for E3-G in Japan 
(Okayasu et al., 2005b). Lower influent E2-G concentrations of 5.2 ng/L (D’Ascenzo et 
al., 2003) and 0.3 ng/L (Reddy et al., 2005) to STPs were also reported. Regarding the 
estrogen sulfates in STP influents, 12-170 ng/L (median, 42 ng/l) of E1-S, 26-410 ng/L 
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(median, 110 ng/L) of E2-S, 6.5-79 ng/L (median, 22 ng/L) of E3-S,  0.8-38 ng/L  
(median,  5.5  ng/L) of E2-S&G, and 21-670  ng/L (median, 77 ng/L) of E2-diS were 
reported by Okayasu et al. (2005).   
The re-formation or de-conjugation of estrogens conjugates in treatment plants depends 
partially on the acid-base properties of the water matrix and on possible bacterial 
processes within the matrix. Knowledge of these factors allows one to predict whether 
there are sufficiently high concentrations of the free and active compounds to elicit an 
estrogenic response in an exposed environmental organism. In Figure 2.5, de-conjugation 
pathways are exemplified by E2 and the biological activity is given. Similar tentative 
pathways could be identified for the other estrogens. 
Such conjugates may, depending on different factors, easily be cleaved (Panter et al., 
1999). Ternes et al. (1999) reported that EDCs were cleaved in the STP, because the 
microorganisms seem to present the enzymes to deconjugate estrogen glucuronides and 
the hormones then become hydrophobic and reactivated. However, it seems that the 
removal rate of conjugated estrogens is slower than that of free estrogens. Conducted 
experiments have shown that about 80% of 17β-estradiol glucoronide conjugates are 
detected as E2 and E1 in environmental matrices after 20-30 hours, but after 50 hours 10-
20% of the E1 and E2 was still not degraded (Ternes et al., 1999). Similarly, 
concentrations of conjugated estrogens leaving six Roman STPs were reported by 
D'Ascenzo et al. (2002), and they found that the portion of glucuronides surviving the 
sewer system was completely removed by the STP treatment, except for E1-3G (7 ng/L). 
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But field data also showed that a large fraction of E1-3S (9 ng/L) passed through the 
treatment system and entered the aquatic environment.  
It was also noted that estrogen conjugates could be quite persistent in the aerobic 
wastewater treatment process (Okayasu et al., 2005a). In Japan, the effluent 
concentrations of the conjugated estrogens detected were even higher than those of free 
estrogens. It is true that the average concentrations of E1-S and E2-S were reduced in the 
STPs, and the removal efficiencies of E1-S and E2-S were approximately 68% and 51%, 
respectively. But other conjugated estrogens (E3-S, E1-G, E2-G, E3-G, E2-S&G and E2-
diS) were unchanged or increased. The detected effluent estrogen conjugates 
concentrations were 7.5-34 ng/L  (median, 13 ng/L) for E1-S,  27-94 ng/L (median, 52 
ng/L) for E2-S, 37-160 ng/L (median, 69 ng/L) for E3-S, 34-140 ng/L (median, 74 ng/L) 
for E1-G, 47-210 ng/L (median, 91 ng/L) for  E2-G, 37-150 ng/L (median, 72 ng/L) for 
E3-G, 3.7-17 ng/L (median, 8.9 ng/L) for E2-S&G, and 160-1500 ng/L (median, 360 
ng/L) for E2-diS (Okayasu et al., 2005b). Whereas, hormone-glucuronides could also 
exist generally below their detection limits in the effluent of STPs (Belfroid et al., 1999).  
Different glucuronid conjugates of estrogens are known (Ritter, 2000). Conjugation of E2 
and EE2 can occur in the C3 position, in the C17 position and in both the C3 and C17 
positions. Estriol conjugation occurs in all the previous positions and can occur in the 
C18 position, as well. Sulphatation can also be expected in all the previously cited 
positions on the molecule. Conjugates possessing both glucuronidation and sulphatation 
also exist. Because the estrogen receptor is an unspecific receptor, a response will depend 
only on de-conjugation in the C3 position.  




Figure 2.5: De-conjugation of E2 into Biologically Active and Inactive Compounds  
2.2.4 Potential Advanced Treatment Technologies in Removing EDCs in 
Aquatic Environment 
Intentional or unintentional domestic wastewater reuse for potable drinking water is 
already being practiced in many parts of the world and planned reuse will be 
implemented in much more areas in the future due to the lack of adequate drinking water 
sources. In this case, a variety of organic contaminants such as EDCs present in treated 
wastewater could create risk to humans and wildlife. Although there are no regulations on 
all kinds of EDCs at this moment, it is unanimously accepted that preventing such 
compounds from entering aquatic environment is of paramount importance. Advanced 
treatment technologies are therefore needed to reduce the amounts of EDCs released as 
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far as possible. A number of physical or chemical techniques, such as activated carbon 
adsorption, oxidation and membrane filtration have been the most common techniques 
employed in water reclamation. However, available data for evaluation of the 
performance of these technologies in terms of EDCs removal are very limited so far, 
partly due to their extremely low concentration and the associated analytical difficulties. 
Moreover, it should be recognized that EDCs possess a wide range of chemical properties 
and the removal efficiency by any specific technology may vary greatly depending on the 
particular properties.  
2.2.4.1 Removal by Activated Carbon 
 
Activated carbon is widely used to remove organic compounds from aqueous phase. 
Hydrophobic interactions are the dominant mechanism for removal of most organic 
compounds in activated carbon adsorption systems. It has been demonstrated that 
adsorption by activated carbon was effective for the removal of NP and BPA (Iwasaki et 
al., 2001; Nakanishi et al., 2002). In 2004, Chang et al. found that trace E1 can be 
effectively removed from aqueous phase by activated carbon. The rate and extent of E1 
removal are functions of carbon dosage and retention time of the system. However, the 
presence of NOM or other adsorbable molecules that co-present in aquatic phase may 
lower the extent of trace contaminant removal by activated carbon as a result of 
competition for surface sites and /or pore blocking (Chang et al., 2004; Fukuhara et al., 
2006; Wu and Pendleton, 2001). For example, Fukuhara et al. (2006) reported that the 
amount of E2 absorbed was reduced to about one-thousandth in river water and 
secondary effluent by the large amount of copresent substances that compete with E2 for 
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adsorption sites. This technique is also limited by high operation costs for recharging of 
carbon bed. 
2.2.4.2 Removal by Oxidation Process 
EDCs are mainly oxidized by electrochemical oxidation and photo-oxidations. 
Laboratory and field reports regarding removal of trace EDCs by oxidation processes are 
far from extensive. A pilot-plant study on ozonation and UV-disinfection effects has 
shown elimination of E1 from STPs effluent (Ternes et al., 2003). Applying 10-15 mg/L 
ozone over a contact time of 18 min can result in effective (>80%) removal of E1 from 
STPs effluent. In the natural environment, BPA is also degraded through two main 
oxidative pathways: biological processes and sensitized photo-oxidations, because BPA 
is effectively oxidized by treatment with the enzyme laccase (Barbieri et al.,2008). Ohko 
et al. (2001) reported the photocatalytic oxidative degradation of BPA and noted that the 
estrogenic activity in response to human estrogen receptor α (hERα) in a yeast two-hybrid 
assay decreased to less than 1% of the initial BPA activity after 4 hr of UV irradiation. In 
addition, Ozonation processes have shown promise for the efficient removal of EE2 
(Huber et al., 2003). Although these techniques can be used to polish the final STPs 
effluent, the formation of oxidation by-products and subsequent effect on biostability of 
the product water should be considered.  
2.2.4.3 Removal by Membrane Filtration 
Given the continuous developments in membrane technology, reverse osmosis (RO) and 
nanofiltration (NF) membrane process is becoming a favored treatment technology for 
the removal of emerging contaminants during wastewater reuse operations due to blanket 
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removal of various classes of contaminants such as EDCs. Retention of EDCs in 
membrane separation processes depends on the characteristics of both membrane and the 
pollutants (Ozaki et al., 2006). Hydrophobic EDCs are retained mainly by adsorption and 
physical sieving mechanisms during NF/RO processes. It was observed that the retentions 
for NP and BPA by 11 different NF membranes ranged between 70% and 100% 
(Wintgens et al., 2002). Removal of steroid hormones by RO/NF membranes has also 
recently been studied in their environmental concentration range (Ng and Elimelech, 
2004; Nghiem et al., 2004a&2004b; Schäfer et al., 2003). Loose NF membranes could 
achieve only minor removal (13-43%), while tight NF membrane could achieve moderate 
to good removal (80-90%) (Nghiem et al., 2004a&2004b; Schäfer et al., 2003). RO 
membranes could give almost complete removal from aquatic samples (Schäfer et al., 
2003; Shishida et al., 2000). However, RO/NF membrane filtration process is one 
additional process for wastewater treatment plant, and then additional relatively high 
capital and operation costs will make this process uneconomic. 
2.2.4.4 Removal by Membrane Bioreactor 
MBRs that are a combination of two fundamental processes – biological degradation and 
membrane separation are considered to possess better performance in terms of EDCs 
removal than STPs. And, MBRs are often highlighted regarding their potential to 
improve hazardous substances removal from sewage. This is probably because, firstly, 
MBR is operated under longer SRT, which may influence effluent concentrations as 
bacteria have more time to break down EDCs in the wastewater. Long SRT also allows 
the establishment of a more diverse biocoenosis with broader physiological capabilities 
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(e.g. nitrification). Secondly, MBR is operated under high MLSS concentration, so it is 
expected that more adsorption onto biosolids and organics of activated sludge and more 
biological transformations may occur. Thirdly, in MBR, the separation is achieved by 
membrane filtration, and the complete retention of suspended solids reduces emission to 
the dissolved fractions. Another potential reason could be the shift of nominal molecular 
weight cut off of the membranes due to the gel formed on the membrane surface during 
the operation (Lyko et al., 2005), as a result, more EDCs could be retained by membranes. 
Recently, data have become available to demonstrate that MBR technology can be highly 
effective for the removal of EDCs. Holbrook et al. (2002) reported a 73% removal of 
estrogenic activity by MBR from domestic wastewater, which was 10%-15% greater than 
the two STPs examined. Joss et al. (2004) reported 2.4 ng/L of E1, <0.5 ng/L of E2 and 
0.5 ng/L of EE2 in effluents of a pilot-scale MBR, which were in the lower range of those 
reported for STP effluents. Spring et al. (2007) also detected the lower concentrations of 
E1, E2, EE2 and BPA in the effluent of MBR than that of STP. The effluent 
concentration of E1 was ND-1.2 ng/L for MBR and 0.9-2.9 ng/L for STP; that of EE2 
was 0.9-1.6 ng/L for MBR and 1.0-2.7 ng/L for STP; that of BPA was 2.5-12.6 ng/L for 
MBR and 3.5-15.8 ng/L for STP. However, there are only few papers that directly 
evaluate the elimination efficiency of EDCs during MBR and STP treatments receiving 
the same influent.  
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Table 2.5: Elimination Efficiencies of Endocrine Disrupting Compounds by MBRs 









E1 93.8-99.7 87.8-97.5 Zülke&Dünnbier, 2003 
99 >90 Zülke et al., 2006 
E2 95.7-98.5 94-97.5 Zülke&Dünnbier, 2003 99 >90 Zülke et al., 2006 
EE2 
81.9-93.6 59.4-81.5 Zülke&Dünnbier, 2003 
95 80 Zülke et al., 2006 
BPA 97.8 91.6 Schröder, 2006 
NP 97 88 Adriano & Hansruedi ,2004 > 98 > 98 Schröder, 2006 
   
The papers listed in Table 2.5 indicate that MBR technology achieved enhanced 
elimination of the selected environmental estrogens compared with conventional 
activated sludge treatment, and the increased MBR performances resulted mainly from 
improved biodegradation mechanisms (Zülke et al., 2006). This is an indirect effect of the 
use of micro- or ultra-filtration membranes, which warrant the complete physical 
retention of the microorganisms and, therefore enable the cultivation and enrichment of 
slow-growing metabolic specialists. However, Clara et al. (2005) reported a reverse 
finding that ultra-filtration membrane does not allow any further retention of the 
investigated EDC compounds, because only negligible differences in the removal 
potential for the BPA, NP and Octylphenol (OP) could be detected between STPs and 
MBRs. Therefore, more studies are necessary to compare the EDCs removal performance 
between MBRs and STPs, due to the conflicting findings obtained from the restricted 
previous studies. 
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2.3 Influence of Operation Parameters on EDCs Removal  
Whether estrogen compounds are eliminated or formed from the MBR treatment process 
depends on whether combined function of biodegradation of estrogens and adsorption of 
estrogens to sludge or de-conjugation of estrogen conjugates takes the dominating role. In 
addition, the above kinetics can be partially decided by the operation parameters, which 
include MLSS, SRT, and HRT and so on. So engineers and operators have the ability to 
influence the sorption potential of the biological solids and bacteria activities to remove 
estrogens by adjusting the primary design and operational parameters. 
2.3.1 Influence of MLSS and Biomass Characteristics 
It is well known that competition for three or more resources may generate oscillations 
and chaotic fluctuations in species abundances allowing more species to coexist than 
there are limiting nutrients (Huisman and Weissing 2001; Saikaly and Oerther 2004). 
This is important because diversity (species richness) is positively related to ecosystem 
stability (Naeem and Li, 1997; Tilman, 1999). It is expected that systems with higher 
diversity can better maintain performance when exposed to environmental perturbations 
(e.g., toxic shock loads). Therefore, with limited resource, lower MLSS can cause a 
higher diversity of microbial population. Schäfer et al. (2002) reported the increase of E1 
adsorption with the increase of MLSS concentration as a linear function. However, no 
other references have mentioned the relationship between MLSS and biodegradation or 
de-conjugation of EDCs. It is assumed that MLSS may affect the biodegradation and de-
conjugation of EDCs, since the change of MLSS concentration can impact upon the the 
microbial population mentioned above and biomass characteristics (Cicek et al., 1998).  
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The biomass characteristics are important factors for biodegradation and differ between 
STP and MBR treatment (Brindle & Stephenson, 1996). Furthermore, some enzymatic 
activities increase proportionally to the higher specific surface of MLSS, which is directly 
related to the smaller floc structure. Comparing the MBR and STP systems, Cicek and 
collaborators (1999) showed that the biomass in the MBR has higher viable fraction than 
in the conventional treatment plant. This phenomenon can be attributed to improved 
mass-transfer conditions in the MBR favoured by smaller flocs and the presence of many 
free-living bacteria. The size of bacterial flocs contained in the activated sludge can be 
another factor causing the difference between STP and MBR wastewater treatment 
processes. In MBR, it varies between 10 and 100 µm, and in the STP between 100 and 
500 µm (Zhang et al., 1997). The small size of microorganisms and the floc surface 
implies short distances to be overcome by the substrate during the diffusion into the flocs.  
2.3.2 Influence of Sludge Retention Time 
 
There is a relationship between SRT and estrogen removal. It is noted that SRT affects 
more seriously to compounds with a low or moderate degradation rate, and relevant Kd. 
Jaffe (1991) studied the effect of SRT on estrogen removal by STPs, E2 removal was 
increased from 64% to 94%, and E2 removal was increased from 92% to 98%, when SRT 
was increased from 6 days to 11 days.  
First of all, SRT can change the adsorption characteristics of estrogens to sludge. Layton 
et al. (2000) used 14C-E2 to track the fate of the model estrogenic compound in biomass 
collected from a range of biological wastewater treatment plants. Although not explicitly 
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stated, their data showed that the radiolabeled EDC sorbed the least to biomass from a 
low SRT (3 days) facility. The correlation suggests that the sorbent characteristics of 
MLSS may vary with SRT and that SRT is an important parameter to consider when 
studying the removal of estrogenic compounds from wastewater treatment processes.  
These results are in agreement with Gulyas et al. (1999), who reported changes in the 
sorption behavior of 2,6-dimethylphenol with respect to sludge retention time. Lee et al. 
(2003) also reported that both microbial floc and supernatant appeared more hydrophobic 
at SRT 40 and 60 days than at SRT 20 days; more hydrophobic property is related to 
higher SRT. In addition, Johnson et al. (2000) believed that increasing the SRT could 
influence not just the biota but also the physical nature of the floc particles. The bacteria 
aggregates that formed the floc particles have exo-polymer coatings comprising largely of 
polysaccharide and proteins, which convey hydrophobic or hydrophilic properties. 
Clearly this would have an important effect on their affinity as sorbents for EDCs. 
Therefore, the higher is the SRT, the easier is EDCs to be absorbed to the sludge at the 
aspect of hydrophobic property.  
Secondly, higher SRT can result in a lower sludge yield (kg VSS/kg BOD). As SRT 
increases, sludge concentration also increases accordingly, but sludge production 
decreases, which might be a consequence of the amplification of the endogenous 
respiration at longer SRT. Longer sludge age also led to decreased microbial activity in 
the MBRs (Lee et al., 2003). Brindle and Stephenson (1996) also reported that prolonged 
SRT could result in lower microbial activity. However, no studies have been done to 
investigate the relationship between SRT and EDCs degradation or de-conjugation of 
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EDC conjugates, though the possibility for genetic mutation and adaptation of 
microorganisms to assimilate persistent organic compounds increases at higher SRTs 
(Cicek et al., 2001). 
Furthermore, the increase of SRT enlarges the mean size of flocs made by 
physicochemical interactions between microorganisms, EPS, multivalent cations, and 
inorganic particles, because the floc size is inversely proportional to the magnitude of the 
hydraulic stress and the operation. Lee et al. (2003) reported that mean colloid size 
enlarged as SRT increased. More importantly, the proportions of the particles whose size 
is smaller than the nominal pore size of the membrane (0.4µm) were 68, 62, and 54% of 
the total colloids at SRT of 20, 40, and 60 days, respectively. Therefore, the longer the 
SRT, the less EDCs can go through the membrane with the colloid. However, the 
quantitative and qualitative properties of the soluble organics in supernatant did not vary 
so much. 
2.3.3 Influence of pH 
The acidity or alkalinity of an aqueous environment can influence the removal of organic  
micropollutants from wastewater by influencing the physiology of microorganisms, the 
activity of extracellular enzymes, and the solubility of micropollutants present in 
wastewater. Depending on their pKa values, EDCs can exist in various protonation states 
as a consequence of pH variation in the aquatic environment. One study identified the pH 
value as critical parameter affecting the removal of micropollutants during the MBR 
treatment, when pH values varied from neutral to acidic as nitrification became 
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significant in the MBR (Urase et al., 2005). At pH values below 6, high removal rates of 
up to 90% were observed for ibuprofen. Ketoprofen was removed from MBR up to 70% 
when the pH dropped down below 5, but obviously these are exceptional conditions, not 
applicable to the municipal wastewater treatment. 
Although few studies focused on this parameter, the control of the pH value might be a 
solution for the removal of micropollutants in STPs. The pH of industrial wastewater is 
often subject to variations and may also negatively influence the elimination of the 
micropollutants. One solution would be the adjustment of the pH of the influent before 
biological treatment (Tchobanoglous et al., 2004). Enhanced removal rates of 
deprotonable micropollutants from wastewater can be achieved at low pH values, as the 
protonation state influences both sorption and degradation processes. On the one hand, 
acidic conditions are not usual in STP or MBR, but could be adapted for systems treating 
wastewater from highly contaminated sites or industrial wastewater in order to increase 
degradation rates.  
2.3.4 Influence of Initial Concentration of Substances 
Several researchers have exploited batch experiments to study the influence of initial 
concentration on EDCs removal performance. As regards adsorption, there was a linear 
relationship between initial concentration and adsorption of E1 within range of 5-500 
ng/L (Schäfer et, al., 2002). Regarding degradation, Ternes et al. (1999) reported the 
behaviour and occurrence of E2 and E2 glucuronides in aerobic batch experiments with 
activated sludge, and they found that the concentration of E2 and E2 glucuronides in the 
ng/mL-range were cleaved and eliminated even faster than in the experiments spiked with 
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higher concentrations (µg/mL-range). More recently, Li et al. (2005) studied the 
degradation kinetics of E2 under different operation parameters in aerobic batch 
experiments by activated sludge, and the initial concentration was chosen as one factor 
for their first-order rate model. Unfortunately, the relationship between initial 
concentration and degradation of E2 was not described clearly. Also, it is obvious that the 
two aerobic batch studies above are not systemic, because not all of EDCs or EDC 
conjugates were studied, and only either capacity or kinetics study was done in each 
study.  
2.3.5 Influence of Anoxic Zone 
EDCs removal kinetics would be affected, when an anoxic zone is positioned in front of 
membrane bioreactor to remove nutrients. Jügen et al. (1999) reported that the STP with 
an anaerobic zone would biodegrade fewer estrogens than the plant that is completely 
aerobic, because estrogens are more persistent under anaerobic conditions. However, no 
information on the relation between anoxic zone and EDCs removal has been reported.  
2.3.6 Influence of Hydraulic Retention Time 
The organic loading rate (OLR) has significant relation with feed concentration, hydraulic 
HRT and so on. In general, short HRT can induce large OLR. Thus, HRT is a very 
important operating parameter in MBR systems, which correlated not only to the 
treatment efficiency of the MBR systems (Ren et al., 2005), but also to the characteristics 
of biomass in an activated sludge system (Yoon et al., 2004; Cho et al., 2005). Ren et al. 
(2005) reported that when HRT was 5 h and the influent COD was less than 3,000 mg/L, 
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the effluent quality could meet the accepted Chinese standards for water reclamation; 
when HRT was 3.2 h and the influent COD was lower than 3,000 mg/L, the effluent 
quality could meet the normal Chinese discharged standard. However, the short HRT or 
high OLR and high flux condition resulted in the acceleration of membrane fouling. 
HRT could have effects on the biodegradation of EDCs and de-conjugation of EDC 
conjugates. The longer the water is held in the MBR, described by HRT, the greater the 
time available for biodegradation. With declining HRT, sludge concentration in the 
bioreactor increases accordingly (Tay, 2003). Both contacting time between EDCs and 
sludge and sludge concentration are important for bacteria activities, and hence 
biodegradation of EDCs and de-conjugation of EDC conjugates. However, HRT can 
affect more seriously on compounds with a moderate degradation velocity, (e.g. 
Ibuprofen), and it should not affect very biodegradable compounds, such as E2 
HRT also influences biota, which conveys hydrophilic or hydrophobic properties 
(Johnson et al., 2000), and influences physical nature of the floc particles, which can 
influence the hydrophilic/hydrophobic balance (Jorand et al., 1994). So it brings the 
effect on the adsorption of EDCs to sludge.  
2.4 Membrane Bioreactors for Wastewater Treatment 
2.4.1 General Comments 
MBR combines an aeration tank and a membrane filtration unit for the separation of 
activated sludge. The focus of this process is the use of membrane instead of the 
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sedimentation tank to separate the activated sludge, and the inserted membrane decides 
the effect of the separation, independent of the sedimentation qualities of the activated 
sludge, because the membrane can intercept all the particles in the activated sludge whose 
diameter is bigger than the pore size of the membrane modules. 
The elimination of secondary sedimentation allows the use of high biomass concentration 
in a low volume tank. Some authors have investigated MBR system with MLSS ranging 
between 1 and 23 g/L (Churchouse et al. 1998), and up to 35 g/L (Dijk and Roncken, 
1997). Bouhabila et al. (1998) found critical fluxes for the operation of the MBR with 
MLSS concentration of up to 15 g/L. High biomass concentration in the reactor has 
enabled MBR to produce higher quality effluent at shorter HRT. HRT of 5-14 hours is 
common for MBR systems (Cote et al., 1997), to as low as 1 hour, and to as high as 91 
hours (Stephenson et al., 2000). However, high MLSS could cause the fouling of 
membrane inside the MBR. 
Short HRT and high biomass concentration enable MBR to operate at high volumetric 
loadings and low mass loadings (F/M). These characteristics promote the development of 
slow growth bacteria, such as nitrifiers, and result in lower sludge production as 
compared with conventional aerobic treatment processes. Bauhabila et al. (1998) reported 
sludge production in the range of 0.2-0.34 kg MLSS/kg COD removal using the MBR 
system as compared with sludge production of 0.3-0.5 kg MLSS/kg COD removal using 
conventional processes. Eikelboom et al. (1993) found zero sludge production when a 
MBR was used for treating municipal wastewater. 
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The air supply for MBR systems includes the air for biological respiration and for 
producing crossflow velocity on membrane surface, so the DO in MBR bioreactor is 
higher than that in conventional treatment plants. The use of microporous membrane 
with/in biological treatment has significantly reduced the land use compared with 
conventional treatment systems. In addition to elimination of primary (occasionally) and 
secondary sedimentation tank, low sludge production in MBR helps to reduce the 
capacity of sludge dewatering treatment.    
In MBR, the maximum pore size of microfiltration membranes is 0.4 µm to retain the 
useful bacteria in the activated sludge. If the solid concentration of wastewater is equal to 
or more than 3 g/L, in order to prevent fast clogging of the membranes, crossflow 
filtration is only the apposite filtration procedure (Günder, 1999). For this process, the 
following necessary requirements have to be met for the successful operation, namely 
transmembrane pressure (TMP) difference for the filtration process, crossflow to control 
the cake layer formation, supply of oxygen to the activated sludge and mixing of the 
activated sludge tank. 
2.4.2 Classification of Membrane Bioreactors 
Sorted by the different arrangement of the crossflow microfiltration unit, one of the main 
functional parts of the membrane-coupled activated sludge process, MBR can be 
classified into: 
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2.4.2.1 MBR with external membrane filtration 
The crossflow microfiltration unit is installed outside the activated sludge tank, shown in 
Figure 2.6 (a). The membranes are put into corresponding modules, and part of the 
concentrate, concentrated activated sludge, is returned into the activated sludge tank as 
return sludge. 
In this process, a pump generates both the crossflow and the transmembrane pressure 
difference for the filtration process. The supply of oxygen and the required mixing of the 
activated sludge tank are guaranteed by the “biological aeration”. 
2.4.2.2 MBR with internal, submerged membrane filtration 
The crossflow microfiltration unit is installed and operated directly by submerging it into 
the activated sludge tank, as shown in Figure 2.6 (b). Therefore there is no return sludge 
in this process, which can save the power and equipment for recycling of the concentrate, 
and hence increased the potential for the application of membranes in wastewater 
treatment. 
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Figure 2.6: Schematic Representation of the MCASP with External (a) and Internal 
(b) Membrane Filtration  
In this procedure, the required transmembrane pressure difference for the filtration 
process, which is limited to the vapour pressure of water, is supplied by a permeate pump 
through a permeate-sided vacuum. The required crossflow is generated through ascending 
air bubbles, which are created by an adapted blower with aeration devices under the 
submerged membranes, and a suitable flow possibility for generation of the crossflow. 
Because of the crossflow aeration, the mixing of activated sludge tank and the supply of 
oxygen cater for the requirements contemporaneously. If the oxygen supply produced by 
the crossflow aeration is not enough for the oxygen consumption of the activated sludge, 
an additional oxygen resource will be supplied. 
For the MBR with external membrane filtration, a high cross-flow fluid velocity provided 
by a recirculation pump is needed to reduce deposition of suspended solids at the 
membrane surface. Although this configuration is simple and provides more direct 
hydrodynamic control of fouling, the energy demand is relatively higher. The submerged 
configuration, on the other hand, relies on coarse bubble aeration to produce in-tank 
recirculation and suppress fouling.  The energy demand of the submerged system can be 
up to two orders of magnitude lower than that of sidestream systems (Dijk and Roncken 
1997; Gander et al. 2000). Therefore, MBRs with internal, submerged membrane 
filtration are widely used and developed, although submerged systems operate at a lower 
flux and hence demand more membrane area. 
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2.4.3 Anoxic-Aerobic Membrane Bioreactor Systems 
Similar to STPs, one anoxic zone can also be put in front of aerobic zones for 
denitrification and subsequent nitrification to remove nutrients, shown in Figure 2.7. 
Relationships among the heterotrophic bacteria, autotrophic bacteria, and key inorganic 
(NH4+-N and NO3--N) and organic (COD) compounds of municipal wastewater treated in 
the MBR operated with aerobic-anoxic cycles have been studied before. Silva et al. (2004) 
explained the key trends in the cyclic data: NH4+-N is consumed only during aerobic 
periods and rises steadily during anoxic period; NO3--N is produced only during aerobic 
periods, but declines in anoxic periods; the soluble COD in treated water mainly consists 
of biomass-associated products and is relatively constant through the cycle. Advantages 
of introducing an anoxic cycle to the continuously MBR process are reduction of total 
effluent nitrogen, oxygen consumption, and sludge production as a consequence of 
denitrification. On the other hand, the anoxic period causes an increase in the average 
effluent NH4+-N. 
Recirculation ratio (RR) is the important operational parameter for aerobic-anoxic MBR 
systems. The low RR can reduce internal recirculation of oxygen to the anoxic reactor, 
which will help to minimize reliance on external supplementary carbon for denitrification. 
Núñez et al. (2001) reported that significant decreases in COD removal efficiencies in the 
UASB reactor were observed at recirculation ratio of 2. Campos et al. (2003) assumed 
that nitrification was more affected when working at the lower recycling ratio and high 
recycling ratios are recommended to increase the N removal efficiencies.  
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The RR operated is varied in different MBR systems. Adham et al. (2004) studied the 
operation optimization by evaluating performance on various types of wastewater in US, 
and they applied RR of 6 for US Filter MBR system, and RR of 4 for Kubota MBR 
system. Tao et al. (2005) applied RR of 3 for all the Zenon, Mitzubishi and Kubota pilot-
scale MBR systems in Singapore. In Japan, Oota et al. (2005) showed  a  new  biological  
nutrient  removal  (BNR)  process  for  large  facilities with membrane  separation. This    
process   combined    the   step   feed   multi-stage nitrification-denitrification process. In 
order to obtain nitrogen removal of efficiency of more than 80%, RR of 2 or 4 was 
necessary. 
 
Figure 2.7: Process Diagram of Aerobic-Anoxic MBR 
2.5 Current Status and Research Needs 
Several recent studies have examined the removal performance of EDCs by real STP 
systems. For example, Baronti et al. (2000) reported the removal of E3 (95%), E2 (87%), 
Influent Effluent 
Anoxic Zone 
Aerobic Zone Sludge Tank 
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EE2 (85%), and E1 (61%); the elimination of BPA, another group of EDCs, in 12 
municipal German STPs was 61 to 98 %, median = 75%, (Weltin et al., 2002). Though 
quite a lot of literatures are available on removal performance of EDCs by STPs, 
unfortunately there is a lack of information regarding removal performance of EDCs by 
large-scale MBR systems. It was also noticed that MBR is different from STP at aspects 
of process arrangement, operations and thus EDCs removal performance. Studies on the 
fate of EDCs presented in MBR systems are often contradictory with respect to EDCs 
removal performance. Therefore, further work is still needed to fully understand the fate 
of EDCs in MBR systems. 
Generally, MBR process is indicated as superior to the conventional wastewater 
treatment concerning the removal of hydrophobic micropollutants, e.g. EDCs. This is 
probably caused by their high potential to improve hazardous substances removal from 
sewage. Recently, data have become available to demonstrate that MBR technology 
could be highly effective for the removal of EDCs. Holbrook et al. (2002) reported a 73% 
removal of estrogenic activity by MBR from domestic wastewater, which was 10%-15% 
greater than the two STPs examined. Joss et al. (2004) reported 2.4 ng/L of E1, <0.5 ng/L 
of E2 and 0.5 ng/L of EE2 in effluents of a pilot-scale MBR, which were in the lower 
range of those reported for STP effluents. Spring et al. (2007) also detected the lower 
concentrations of E1, E2, EE2 and BPA in the effluent of MBR than that of STP. 
According to Spring et al. (2007), the effluent concentration of E1 was ND-1.2 ng/L for 
MBR and 0.9-2.9 ng/L for STP; that of EE2 was 0.9-1.6 ng/L for MBR and 1.0-2.7 ng/L 
for STP; that of BPA was 2.5-12.6 ng/L for MBR and 3.5-15.8 ng/L for STP. However, 
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there are only few papers that directly evaluate the elimination efficiency of EDCs during 
MBR and STP treatments receiving the same influent.  
MBR technology has been observed to achieve enhanced elimination of the selected 
environmental estrogens compared with conventional activated sludge treatment. It seems 
that the increased MBR performances resulted mainly from improved biodegradation 
mechanisms (Zülke et al., 2006). This is an indirect effect of the use of micro- or ultra-
filtration membranes, which warrant the complete physical retention of the 
microorganisms and, therefore enable the cultivation and enrichment of slow-growing 
metabolic specialists. However, Clara et al. (2005) reported a reverse finding that 
operated ultra-filtration membrane did not allow any further retention of the investigated 
EDC compounds, because only negligible differences in the removal potential for the 
BPA, NP and Octylphenol (OP) could be detected between STPs and MBRs. Thus, 
further research is desirable to compare the EDCs removal performance between MBRs 
and STPs receiving identical influent, due to the conflicting findings obtained from the 
limited previous studies.  
The mechanisms of EDCs removal is one important focus of research. The removal of 
EDCs from wastewater during the treatment occurs through abiotic transformation, 
biological degradation and/or sorption. The biological suspended solids in activated 
sludge represent a significant sink for estrogenic compounds. Based on the octanol-water 
partition coefficient (Kow) of EDCs, a relatively high percentage of these compounds are 
expected to partition into MLSS before appreciable degradation occurs (Huang et al, 
2001; Layton et al., 2000). In aerobic processes, microorganisms can transform EDCs via 
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oxidation reactions to simpler products, for instance other organic molecules or even CO2 
through mineralization (Siegrist et al., 2004; van der Meer, 2006). At low concentrations, 
the kinetics of decomposition of trace pollutants occurs mostly according to a first order 
reaction.  
The removal of EDCs with respect to sorption and biodegradation is often higlighted in 
the literature, while this observable fact has not been explained clearly. For example, 
many research studies focused on the removal of NP from wastewater in conventional 
treatment plants and membrane bioreactors (Wintgens et al., 2004; Clara et al., 2005a; 
Nakada et al., 2006). Unfortunately, they were performed at different scale, with different 
parameters and, more importantly, the real comparison is often impossible since 
important gaps in data sets and interpretations can be observed (Terzic et al., 2005; 
Gonzalez et al., 2007; Hernandez-Raquet et al., 2007). Many examples from the literature 
are based on the results of analytical techniques used for the measurements of grab 
samples from influent and effluent of STPs. Often, the removal rates in these studies are 
based on the difference between inflow and outflow concentration. In such a black box 
the respective extent of sorption or biodegradation occurring during the STP steps remain 
unknown (Esperanza et al., 2004; Nakada et al., 2006). Therefore, detailed and well-
designed lab-scale batch study on adsorption and degradation of EDCs are needed. 
Also, it has to be pointed out that the female body primarily excretes estrogens in a 
biologically inactive form as sulphate- and glucoronide conjugates. So it important to 
investigate the mechanisms and kinetics of de-conjugation of estrogen conjugates, 
because estrogen conjugates may easily be cleaved, resulting in a re-activation of the 
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estrogens to an active form (Panter et al., 1999), and then de-conjugation of estrogen 
conjugates has a negative effect on the removal of estrogens. Nelson et al. (2007) 
reported that the overall estrogenic activity of the influent samples in 3 STPs was found 
to be lower than those in the effluent samples. Apparently, active estrogens have been 
generated during water treatment and similar observations have been reported by 
D'Ascenzo et al. (2003). Indeed, E2 concentrations were found to increase from raw 
sewage to primary effluent in a Japanese STP before decreasing during biological 
treatment (Nasu et al., 2001). The same trend was also shown by Baronti et al. (2000), 
their results indicated that E2 levels were higher in effluent than influent. It seems that 
the high estrogenicity measured in the effluent may be related to a high level of E1 as a 
result of E2 metabolism and deconjugation of E2 conjugates. A high level of E1 in the 
effluent samples also has been attributed to E1-3-sulfate deconjugation during activated 
sludge treatment. However, the data on the study on de-conjugates kinetics is lacking, 
even if it is well known that the composition of the wastewater and the microorganism 
communities responsible for the biological treatment are different to that of municipal 
wastewater.   
The operation parameters of biological process can affect the EDCs removal evidently. It 
is essential to relate operation parameters in MBRs including SRT, HRT, MLSS, pH, 
initial concentration and anoxic zone with EDCs removal. Several recent studies have 
applied lab-scale or pilot biological systems to investigate the influence of SRT on EDCs 
removal performance, because prolonged SRT can lead to lower microbial activity, but 
more biomass concentration (Brindle and Stephenson, 1996). One group of researchers 
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found that EDCs removal increased with the increase of SRT. Jaffe (1991) reported the 
effect of SRT on estrogen removal by STPs, and he found that the removal of E1 
increased from 64% to 94%, and E2 removal increased from 92% to 98% with SRT 
increased from 6 days to 11 days. More recently, Layton et al. (2000) used 14C-E2 to 
further explore the fate of the EDCs in biomass collected from a variety of biological 
wastewater plants. Results showed that the radio-labeled EDC adsorbed the lowest 
amount to sludge from a low SRT (3 days) facility. Another group of researchers reported 
that the removal of EDCs was not affected by SRT at the beginning, but that increased 
linearly with SRT after one critical value. Holbrook et al. (2002) reported a relationship 
between SRT and specific equivalent estradiol activity (µg E2-Eq/kg TSS) for facilities 
using secondary clarification. Results showed that E2-EEQ increased linearly with SRT 
at SRT>14 days. However, when SRT<14days, E2-EEQ remained stable. However, a 
reversed trend was reported by Kreuzinger et al. (2004) that when SRT was shorter than 
the critical time, with increasing SRT, the biological degradation of the micro pollutants 
increased, but when SRT was higher than this value, removal remained stable. From the 
above review of research, it is obvious that controversial results have been obtained. 
Therefore, further research is still needed to understand and clarify the influence of SRT 
on removal of EDCs. In addition, no work has been done to examine the relationship 
between SRT and the de-conjugation of EDCs in MBRs. This information will be useful 
to explain the relationship between SRT and EDCs removal, since the more is the 
deconjugation, the more is the EDCs produced in MBRs, which can cause adverse effect 
to EDCs removal. Therefore, systematic studies on the influence of SRT on EDCs 
removal including biodegradation, adsorption and deconjugation are desired. 
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Furthermore, several researchers performed in-depth batch experiments to study the 
relationship between MLSS concentration and EDCs removal mechanisms, because 
MLSS concentration can affect biomass characteristics (Cicek et al., 1998) and the 
microbial population. Schäfer et al. (2002) reported that the E1 adsorption increased 
linear with the increase of MLSS concentration. Although the relationship between 
MLSS and adsorption, one of the removal mechanisms, is available, no work has 
revealed the relationship between MLSS and the other relevant removal mechanisms, 
such as biodegradation of EDCs and deconjugation of EDC conjugates. Therefore, there 
is a need to further expand our understanding of the relationship between MLSS 
concentration and EDCs removal mechanisms. 
Several researchers also used batch experiments to study the influence of initial 
concentration of EDCs on EDCs removal performance. Ternes et al. (1999) reported the 
behaviour and occurrence of E2 and E2 glucuronides in aerobic batch experiments with 
activated sludge, and the capacity study results showed that the concentration of E2 and 
E2 glucuronides in the ng/mL-range were cleaved and eliminated even faster than in the 
experiments spiked with higher concentrations (µg/mL-range). More recently, Li et al. 
(2005) studied the degradation kinetics of E2 under different operation parameters in 
aerobic batch experiments by activated sludge, and the initial concentration was chosen 
as one factor for their first-order rate model, unfortunately the relationship between initial 
concentration and degradation of E2 was not described clearly and questionable. 
Consequently, it is obvious that the two aerobic batch studies above are not systematic, 
because not all of EDCs or EDC conjugates were studied together, and only either 
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capacity or kinetics study was carried out. There is still a lack of information regarding 
the influence of initial concentration on EDCs and their conjugates removal by MBR 
systems. As a result, more research is desirable. 
The sorption of E1 and E2 to the activated sludge was reported to be strongly dependent 
on the pH value. The adsorption of E1 is highest at a very low pH when the charge of the 
activated sludge is very low (Schäfer et, al., 2002). Jensen & Schäfer (2001) reported that 
23% of the steroid estrogens were sorbed to the activated sludge at a pH value of 8, while 
this proportion increased up to 55% when the pH value was maintained at 2 and it was 
shown that increasing pH value up to the compounds’ pKa (pH > 9) lead to an increased 
desorption of steroids. The same behaviour was observed in the investigations of Clara 
and collaborators (2004), where the compound’s solubility increased at pH of 7–12. 
During sludge treatment such as sludge dewatering and conditioning with lime, pH is 
increased to above 9 and the micropollutants can be desorbed from sludge solids. For 
instance, the recovery of BPA in the aqueous phase took place at pH > 12 and desorption 
was attributed to the increased hydrosolubility of the deprotonated form of BPA (Clara et 
al., 2004b; Ivashechkin et al., 2004). The consequence of such high release is a high 
back-loading of the treatment plant via the recycling of the process water. In another 
study, the sludge-water partition coefficients (Kp) of estrogens in activated sludge from a 
STP were increased with decreasing pH for almost all the investigated compounds (BPA, 
E2, EE2) (Kikuta, 2004). In the case of compounds harbouring one carboxyl group, the 
Kp values at pH 5.6 were 2.5-3 times higher than those at pH 6.7, while for compounds 
with phenol groups such as E1, EE2, and BPA the increase of the partition coefficient 
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varied to a lower extent within this range of pH values. Through studies on the effect of 
pH were carried out, a general conclusion has not been reached. Also, the study on the 
effect of pH on estrogen conjugates is lacking. Thus, further research is necessary to 
better understand the relation between pH and EDC as well as their conjugates removal. 
In addition, Joss et al. (2004) reported that the degradation of E1 took place under all 
redox conditions, but an increase by a factor between 3 and 5 in the transition from 
anaerobic to anoxic as well as between anoxic and aerobic was found. Also, the oxidation 
of E2 was observed at a high rate under all redox conditions, but the rate difference 
between anaerobic and aerobic systems was below a factor of 3. From the above, it is 
clear that redox conditions do affect the EDCs removal in MBRs. However, the above 
observations were obtained by batch experiments. Therefore, further lab-scale MBR 
experiments are required to confirm the effect of anoxic zone on the EDCs removal in 
MBRs, as anoxic zone is always added to MBR system in order to achieve denitrification. 
Also, little information is available on the effect of HRT on the removal of EDCs. 
Therefore, systematic studies of the influence of anxic zone and HRT on EDCs removal 
in MBRs are desirable. 
In summary, the study aims to compare the removal performance of EDCs by MBR and 
STP; to investigate the removal performance of particular compounds, E1, E2, EE2, BPA, 
NP and natural EDC conjugates, and overall estrogenicity in municipal wastewater by the 
examination of anoxic-aerobic pilot-scale MBR systems; to study the elimination kinetics 
of EDCs, including biodegradation of EDCs, and de-conjugation of EDC conjugates 
under different initial concentration and MLSS concentration by batch study; to study the 
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adsorption kinetics for EDC and EDC conjugates under different pH values by batch 
study; and to study the influence of HRT, SRT and anoxic zone on the elimination 
capacity of EDCs by lab-scale MBR systems study. 
  Chapter Three: Materials and Methods   
64 
 





Experimental set-up mainly includes anaerobic systems, pilot-scale MBRs, lab-scale 
MBRs and batch studies. In pilot-scale and lab-scale studies, determination of EDCs and 
conjugates in wastewater or sludge is, however, a difficult analytical task, because the 
very low detection limits required for equipment and the complexity of the 
wastewater/sludge matrix necessitate the execution of a considerable number of steps. 
Thus, in general, complicated, time consuming extraction and purification processes are 
performed before final determination by immunoassay, high-performance liquid 
chromatography coupled with mass spectrometry. Batch study is also considered 
necessary in this study in order to examine the influence of particular operational 
parameter on the EDCs removal. 
3.2 Experimental Set-up for Anaerobic Systems 
The treatment of municipal wastewater was conducted by lab-scale anaerobic reactors 
following polishing step (MBR or STP) to achieve the required standard for wastewater 
discharge or for further water reuse, as shown in Figure 3.1. The anaerobic reactors 
included Upflow Anaerobic Sludge Blanket (UASB), Anaerobic Sequencing Batch 
Reactor (ANSBR) and Anaerobic Filter (AF), and the following MBR and STP after 
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every anaerobic reactor are equivalently installed. Therefore, there are 3 sets of MBR and 








Figure 3.1: Set-Up of Lab-Scale Anaerobic System Including Polishing Step      
(MBR and STP)  
SRT of MBRs was 40 days, but that of STPs was 20 days, as MBRs works under longer 
SRT than STPs do in general. pH was ranged from 6.8 to 7.2. Both MBRs and STPs were 
operated under varied HRT, which was 4, 6 and 8 hours respectively. To carry out the 
function of denitrification-nitrification, 4.5 L anoxic tanks were added to both 4.5 L STP 
and 4.5 L MBR aerobic reactors, and the HRT in both anoxic and aerobic zones was 
same. Nitrite and nitrate produced in the aeration tanks were recycled back to the anoxic 
tanks. The recycle rate for STP was 2Q (Q is the influent flow rate of MBR and STP) 
from the aeration tank and 1Q from the clarifier, while recycle rate was maintained at 3Q 
from aeration tank for MBR. The membrane inside MBR was made of polyethelene 
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3.3 Experimental Set-Up for Pilot-Scale Study 
3.3.1 Set-Up, Configuration and Operation of MBR Pilot Plants 
To treat municipal wastewater, Kubota (MBR A), Mitsubishi Rayon (MBR B) and Zenon 
(MBR C) MBR pilot plants with large-scale membrane modules were operated for a 
period of 2 years, and their system photo, schematic diagrams and overall overview were 
shown in Plate 3.1, Figure 3.2, and Table 3.1.  The influent was the primary effluent of a 
local water reclamation plant. The activated sludge in the aeration tank (sludge return 
point) of the plant was used for initial start-up of MBR systems applied. Average daily 
flow was 300 m3/d. These three systems were designed for 24-hour automatic operation, 
except cleaning of membrane. The membranes were submerged directly into the 
bioreactor and the turbulence for membrane cross-flow occurred through tubes that were 
positioned on the bottom of the modules. Anoxic and aerobic tanks were installed in 
order to apply denitrification and nitrifation process. 
 
       
              MBR A                                        MBR B                                    MBR C 
Plate 3.1: Photo of Pilot-Scale MBR Plants  
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Figure 3.2: Schematic Diagrams of Pilot-Scale MBR Systems 
Table 3.1: Overall View of Pilot-Scale MBR Systems (baseline conditions are in 
bracket)  
MBR A B C 
Membrane Characteristics 
Membrane type Plate sheet MF Hollow Fibre MF Hollow Fibre UF
Membrane material Chlorinated PE PE PVDF 
Surface area (m2) 480 1120 1008 
Pore size (m) 0.4 0.4 0.035 
Operational Parameters
Q (m3/d) 300 300 300 
SRT (days) 14-28 (21) 24-28 (21) 14-28 (21) 
HRT (hrs) 5.5-12 (6) 4.5-12 (6) 5-12 (6) 
Aeration demand 
Nm3 air/m3 permeate 28-50 (50) 16-24(24) 20-30(30) 
Recirculation flow ratio 2-5:1 (3:1) 2-4:1 (3:1) 2-6:1 (3:1) 
Sludge wastage (m3/d) 4 4 2 
Effluent Quality 
Turbidity (NTU) <0.2 <0.2 <0.2 
TOC (mg/L) 4.9 4.8 5.0 
NH4+-N (mg/L) 1.0 0.6 0.3 
NO3--N (mg/L) 6.2 10.2 9.6 
NO2--N (mg/L) 0.07 0.05 0.01 
TP (mg/L) 0.14 0.37 0.82 
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3.3.2 Set-Up of Complementary Lab-Scale MBRs for Pilot-Scale Study 
The lab-scale pre-denitrification submerged MBRs as illustrated in Figure 3.3 were 
operated as for the complementary study. The pre-denitrification submerged MBR 
consisted of a 6 L anoxic and 9 L aerobic zone, with a corresponding HRT of 4 and 6 h, 
respectively. SRT of 17 or 33 d was applied. The RR was fixed as 5. A membrane plate 
consisting of two flat sheets of microfiltration membrane of 0.4 µm pore size was 
mounted vertically between two baffle plates located above an air diffuser. Compressed 
air with a flowrate of about 10 L/min was supplied through the air diffuser for effective 
scouring of membrane surface and satisfying both carbonaceous and nitrogenous oxygen 
demand. The membrane flux of each MBR system was kept constant and followed a 
suction cycle of 8 min on and 2 min off. MBR system was operated under ambient 
condition (25–27ºC) with an alkaline-dosing (0.5 M Na2CO3) pump to control the pH at 
7.2 ± 0.2. More details of membrane characteristics are shown in Table 3.2. 
Activated sludge collected from a local wastewater treatment plant was seeded to the 
MBRs. Raw domestic wastewater from the same plant was also collected weekly to be 
used as the influent wastewater. The collected raw domestic wastewater was added into a 
common feed holding tank after passing through a 1 mm pore-sized sieve. The unused 
wastewater was then stored in a cold room at 4 ºC for preservation. MBR was 
continuously fed with wastewater stored in this common feed holding tank. Periodically, 
the membrane module was taken out for cleaning. It was cleaned with tap water to 
remove sludge deposited on the membrane surface and followed by backwashing with 
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0.5% NaClO if the fouling is serious. The sampling and analysis method for solid phase 
and liquid phase samples was same as that for pilot-scale MBRs.  
 
 
Figure 3.3: Schematic Diagram of a Pre-denitrification Submerged Lab-Scale MBR 
Used in This Pilot Study  
 
Table 3.2: Membrane Characteristics of Lab-Scale MBRs 
Membrane Characteristics 
Module 31.5cm x 22.5 cm x 0.6cm 
Pore size 0.4 μm 
Effective surface area 0.11 m2 
Material Polyolefin 
Suction cycle 10 min (8 min on: 2 min off) 
Trans membrane pressure < 50 kPa (7.25 Psi) 
flux 16.6 L/(m2.h) 
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3.4 Experimental Set-Up for Lab-Scale MBRs 
3.4.1 Set-Up, Configuration and Operation of Lab-Scale MBRs 
The experimental set-up consisted of two sets of parallel bioreactors. Initially, 2 identical 
lab-scale overall aerobic submerged MBRs as illustrated in Figure 3.4 were started up 
simultaneously and operated in parallel at different SRTs, namely 15, 30 and 45 days, in 
order to study the effect of SRT on EDCs removal. Activated sludge collected from a 














Figure 3.4: Schematic Diagram of Lab-Scale Aerobic MBR  
 
Each aerobic submerged MBR system consisted of an aerobic tank with 10 L effective 
working volume and a corresponding HRT of 6 h. Two level sensors were installed to 
prevent overflowing at 11 L and prevent running out of liquid at 9 L. The submerged 
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and surface area of 2 m2, attached to a bracket, which clung on to the side of the 
bioreactor.  
After the study of the influence of SRT on EDCs removal was completed, the aerobic 
tank in one MBR was divided into a 5 L anoxic zone followed by a 5 L aerobic zone 
installed with submerged membrane module. The effect of anoxic zone on EDCs removal 
was investigated with this A-O MBR and another existing overall aerobic MBR, at SRT 
of 15 d and HRT of 6 h. Schematic Diagram of this A-O MBR system is same as that of 
complementary lab-scale MBRs for pilot-scale study, as shown in Figure 3.3. Recycled 
sludge from the aerobic zone to the anoxic zone was controlled at 3 times of the influent 
flow rate (RR=3). The comparison of the aerobic and A-O lab-scale MBR systems was 
illustrated in Table 3.3.  
Table 3.3: Overall View of Aerobic and A-O Lab-Scale MBR Systems  
MBR Aerobic Anoxic-Aerobic  
Membrane Characteristics 





Surface area (m2) 
Pore size (µm) 
Operational Parameters
Q (L/d) 40 40  
SRT (days) 15-45 15  
HRT (hrs) 8 8  
Recirculation  ratio - 3  
DO (mg/L) 1-2 0.1-0.3 (A); 1-2 (O)  
In order to ensure consistency in feed composition, all MBR systems were fed with 
synthetic wastewater (COD=600 mg/L and C: N: P=10:10:1), as show in Table 3.4. 
Moreover, 50 ng/L E1, E2, E1-3S, E1-3G, E2-3S and E2-3G were added into the feed 
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water. Biomass was wasted every day to maintain a pre-determined SRT.  Compressed 
air with a flowrate of about 10 L/min was supplied through the air diffuser for effective 
scouring of membrane surface and satisfying both carbonaceous and nitrogenous oxygen 
demand. All MBR systems were operated under ambient condition (25–27 ºC). Dissolved 
oxygen concentration was maintained at 1-2 mg O2/L in the aerobic tank, and 0.1-0.3 mg 
O2/L in the anoxic tank. 







     
Organics and nutrients     
Sodium acetate CH3COONa 82.0 768.75 
Ammonium sulfate (NH4)2SO4 132.1 284 
Postassium phosphate KH2PO4 136.1 26 
         
Trace nutrients     
Calcium chloride CaCl2 ·2H2O 147.0 0.37 
Magnesium sulfate MgSO4 ·7H2O 246.5 5.07 
Manganese chloride MnCl2·4H2O 197.9 0.28 
Zinc sulfate ZnSO4·7H2O 287.5 0.44 
Ferric chloride anhydrous FeCl3 162.2 1.45 
Cupric sulfate CuSO4·5H2O 249.7 0.39 
Cobalt chloride CoCl2·6H2O 237.9 0.42 
Sodium molybdate 
dihydrate 
Na2MoO4·2H2O 242 1.26 
Yeast extract    30 
Periodically, the membrane module was taken out for cleaning when the TMP increased 
up to 250 mmHg. It was cleaned with tap water to remove sludge deposited on the 
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membrane surface and followed by backwashing with 0.5% NaClO if the fouling is 
severe. 
The membrane flux of each MBR system was kept constant and followed a suction cycle 
of 8 min on and 2 min off. The intermittent suction provided an alternative method for 
suppression of fouling. Temporary cessation of suction created back transport of 
permeates which then helped to dislodge the cake layer on the membrane surface. Data 
were obtained for each experimental run after the reactors approached steady-state 
conditions after 3 SRTs, and sample collection (3 times every week) lasted 3 SRTs for 
each run. 
3.4.2 Batch Experiment for Lab-scale MBRs Performance Confirmation  
To confirm the performance of lab-scale MBRs, 1000 mL sludge from the MBRs was 
centrifuged and the supernatant was discarded. The biomass then was washed twice by 
re-suspension (7500rpm, 10 min) with phosphate buffer solution (50 mM, Na2HPO4-
NaH2PO4). This preparation procedure allowed compounds adsorbed onto the biomass to 
be removed. 
The 1000 mL biomass was divided into 2 flasks equally. 500 mL biomass was autoclaved 
carried out at 121oC for 30 mins. Then under aerobic condition (mimic of 15d, 30d and 
45d overall aerobic MBRs), this autoclaved biomass and another 500 mL activated sludge 
were placed on a shaker operated at 250 rpm. The DO level in the flasks was measured to 
be above 4.0 mg/L. While under anoxic condition (mimic of the anoxic zone of 15d A-O 
MBR), 20 mg/L NaNO3-N as terminal electron acceptor was added into the flask with 
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500 mL activated sludge, the mixture was purged with nitrogen gas for 2 minutes, and 
then quickly sealed with several layers of parafilms, and were placed on a shaker 
operated at 120 rpm. 
500 uL, 50 mg/L E1, E2, E1-3S, E1-3G, E2-3S, E2-3G stock solutions were spiked to 
flasks with activated and sterilized activated sludge, resulting in an initial concentration 
of 50 µg/L for every compound. 5 mL homogenized sample was taken at time point (1 
min, 30 min,1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h, 8 h) and was centrifuged (4000 rpm, 10 min, 
4°C), 2ml supernatant aliquot of each sample was extracted immediately with methanol 
(2 mL×3). Internal standards (E1-d4, E2-d4, E1-3S-d4 and E2-3S-d4) were added (0.5 mL, 
200 µg/L). The extract was dried through 3 g anhydrous sodium sulphate (heated to 
500°C for 24 hours before use), rinsed with 2×3mL methanol afterward. Then it was 
evaporated to dry, and then dissolved in 0.5 mL methanol. The 0.5 mL final extract was 
used for LC-MS-MS analysis and bioassay. 
3.5 Experimental Set-Up for Batch Study 
3.5.1 Set-up of Degradation Test for EDCs and Conjugates 
3.5.1.1 Activated Sludge Preparation 
The sludge was collected from MBR B system in a local water reclamation plant one day 
prior to initiation of the tests, and then the sludge was continuously aerated in the 
laboratory to allow minimization of residual biochemical oxygen demand (including the 
EDCs adsorbed to sludge).  
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3.5.1.2 Degradation Test Procedure 
Batch experiments were performed using 1-L Erlenmeyer flasks placed on a shaker (Lab-
line Instruments, USA) with 250 rpm in dark. Each flask reactor contained 500 mL of 
sludge, and spiked E2 or its conjugates (E2-3S and E2-3G), respectively, with initial 
concentrations of 10-200 µg/L. The compounds were added as the sole organic carbon 
source. The studied concentrations of E2 and its conjugates were set at range of µg/L, as 
Ternes et al. (1999) verified that the results obtained in the µg/L range could be 
transferable to environmental concentrations in the ng L-1 range. MLSS concentrations 
were varied in the range of 4-12.5 g/L. 
One mL homogenized suspension was withdrawn from the flasks at various time 
intervals (1 min, 5 min, 10 min, 30 min, 1 h, 2 h, 4 h, 8 h and 24 h) for the analysis of 
compounds. Biodegradation of each sub-sample can be stopped at the approximate 
incubation time points, with 50 µL 2N H2SO4. Subsequently, samples were evaporated to 
dryness by nitrogen. 500 µL of hexane with internal standard (E1-d4, E2-d4, E1-3S-d4 or 
E2-3S-d4) was then added to dissolve the residual.  
The silica gel clean up steps were further performed as described in Ternes et al. (1999). 
One gram of silica gel (silica gel 60, 70-230 mesh) deactivated with 1.5% water was 
stirred in 4 mL of hexane and the slurry was manually filled into 6-mL glass cartridges. 
Before use, the silica gel column was rinsed by flushing with 10 mL hexane/acetone 
(65:35, v/v). The pre-concentrated extracts were quantitatively transferred to the prepared 
1 g silica gel column. Finally, the analytes were eluted using 6 mL of hexane/acetone 
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(65:35, v/v), and the sample extracts were evaporated to dryness, and then E2 and its 
conjugates were dissolved by 0.5 mL methanol. 
The portion of the analytes which were adsorbed to sludge particles was largely desorbed 
and hence were included into the mass balance. The detection of E2 and its conjugates by 
LC-MS-MS follow the procedure refers to Chapter 3.7.3. 
3.5.2 Set-up of Adsorption Test for EDCs and Conjugates 
3.5.2.1 Activated Sludge Preparation 
Activated sludge was directly collected in the aerated tank of a local wastewater 
treatment plant, and activated sludge was immediately inactivated by autoclave (120oC, 
30 min), then stored in 4oC fridge till use. This is to ensure that this study will examine 
the adsorption effect only rather than a combined adsorption and degradation effect. 
3.5.2.2 Adsorption Test Procedure 
Calculated amount of concentrated sterilized sludge was transferred to 20 mM buffer 
medium, and MLSS concentration was diluted to about 7 g/L. The mixtures of 50 mL 
were transferred to flasks and then were adjusted to pH 2, 5, 7, 9 or 11.5 by 1N NaOH or 
HCl. The ionic strength of solution was then adjusted to 100 mM using NaCl. The buffer 
medium recipe for different pH is shown in Table 3.5. 
One hundred uL E1 and E2 stock solutions with different concentrations were spiked into 
flasks containing sludge, separately, and hence the initial concentrations of studied 
compounds were 10, 50, 100, 200 and 400 µg/L. Flasks were covered and agitated on a 
  Chapter Three: Materials and Methods   
77 
 
shaking incubator (Lab-Line Instruments, US) at 125 rpm and 25oC (room temperature) 
for 24 hours to assure a long enough period for achieving adsorption equilibrium. 
Table 3.5: Recipe of pH Buffer Solution 
pH Buffer medium (1L) 
2 0.0106 mol H3PO4 + 0.0094 mol NaH2PO4 
5 0.0061 mol HAc + 0.0138 mol of NaAc 
7 0.0083 mol NaH2PO4 + 0.0116 mol Na2HPO4 
9 2.422 g Tris base 
11.5 0.0129 mol Na2HPO4 + 0.007 mol Na3PO4 
Two mL supernatant was taken from each flask after 24 hours, and each sample was 
extracted immediately with methanol (2 mL×3) and pH was adjusted to 7 to prevent the 
influence of pH on the following pretreatment procedure. Internal standard: E1-d4, E2-d4, 
E1-3S-d4 or E2-3S-d4 was then added. The extract was dried through 3 g anhydrous 
sodium sulphate (heated to 500°C for 24 hours before use), rinsed with 2×3 mL methanol 
afterward. The final extract was evaporated to dry, and then dissolved in 0.5 mL 
methanol. The 0.5 mL final extract was analyzed by LC-MS-MS. At the experiment 
period, blank samples (only buffer solution) spiked with different initial concentrations of 
studied compounds were also used to determine the experimental recovery. 
3.6 Sample Collection and Preparation for Pilot and Lab-scale MBRs 
About 1000 mL of influent, effluent and sludge grab samples were taken from the pilot-
scale MBRs (once every week), lab-scale MBRs and STPs (twice every week), and then 
stored in glass bottles, which had been pretreated in 1N HCl for at least 12 h, cleaned by 
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rinsing with methanol and deionised water, and heated in 550°C oven for 8 h.  1% 
formaldehyde was then added into bottle to keep the sample fresh. Before the 
measurement, 3 g of sodium chloride was added to 500 mL water sample to preclude 
adhesion of the analytes to the filter paper during filtration. Then it was filtered through a 
Whatman® GF 0.45 μm filter paper and collected in a pretreated glass bottle. 
All activated sludge samples were centrifuged to distinguish between the EDCs activity 
associated with the supernatant liquid and solid (total minus supernatant liquid) phases. 
Then the solid sample was freeze-dried for at least 24 hours, ground (< 1mm) and stored 
in brown glass bottles. The supernatant liquid sample was measured same as for influent 
and effluent mentioned before. 
3.7 Detection of EDC and Conjugate Compounds－Chemical Analysis 
3.7.1 Pre-Treatment of Liquid Phase Samples 
The model of VisiprepTM Solid Phase Extraction (SPE) Vacuum Manifolds as shown in 
Plate 3.2, coupled with OASIS HLB cartridges was used to concentrate the EDCs in 
samples. The HLB tubes were conditioned with 10 mL of Acetone, 10 mL of Methanol 
and 10 mL of Mili-Q water (+1% Formic acid) in sequence. The flow rate of the 
equipment was maintained at approximately 3 mL/min. The cartridge washing was done 
twice by 6 mL of Mili-Q water at 5 minutes interval. After that, the cartridges were 
allowed to dry under vacuum suction for 45 minutes along with nitrogen gas drying. To 
collect the EDC compounds, the cartridge was rinsed thrice with 6 mL Methanol (+1% 
Formic acid) at 5 minutes interval each. The elute was collected in a brown glass tubes 
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and then evaporated under nitrogen gas to dryness. Finally, EDCs was dissolved in 0.5 
mL methanol. This whole process was summarized in Figure 3.5. 
 
 Plate 3.2: Set-Up of Solid-Phase Extraction  
 
Figure 3.5: Summary of EDCs  SPE Procedures 
In order to extract the more hydrophilic steroid conjugates that remained on the above 
cartridge, additional washing and elution steps were needed. Basic interferences were 
10ml Acetone 
10ml Methanol















with 2 x 6ml 
Mili- Q water
Yeast Assay LC-MS - MS 
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reduced first by washing with 30% methanol/water containing 2% acetic acid (5 mL) 
followed by 60% methanol/water containing 2% acetic acid (8 mL). Acidic interferences 
were removed by washing with 30% methanol/water containing 2% ammonium 
hydroxide (8 mL). The steroid conjugates were then eluted with 75% methanol/water 
containing 2% ammonium hydroxide (8 mL), and the fractions were dried under nitrogen 
gas. The residue was then dissolved in 0.5 mL of methanol, and then passed through 
PVDF syringe filter with a pore size of 0.45 µm. Through SPE, 500 mL of water samples 
was extracted to 0.5 mL of solvent of methanol, which allows a concentration factor of 
1000. The recovery of this SPE procedure was above 90%. 
3.7.2 Pre-Treatment of Solid Phase Samples 
As descried by Bolz (2001), 3 g sludge freeze-dried and ground was transferred into a 
paper thimble, which was pre-extracted for at least 3 h with acetone. The EDCs and 
conjugates were extracted with 250 mL of a mixture of methanol: diethyl ether (10:1, 
V/V) and 0.1% (V/V) HCl into a 500 mL round bottom flask for 24 h using Soxhlet 
apparatus, shown in Plate 3.3. The volume of the extract obtained was reduced to 3-5 mL 
using a rotary evaporator, shown in Plate 3.3, and diluted to 50 mL with hexane. This 
solution was transferred into a 100 mL reparatory funnel and extracted, for 2 min, each 
with three times 20 mL of a 2N NaOH solution. NaCl was added if necessary for better 
phase separation. Emulsions were broken by centrifution at 4000 min-1 for 10 min. For 
further purification, the hexane phase and the combined aqueous phases were treated 
separately. The aqueous phase was cooled on ice and acidified with HCl to pH 4. After 
equilibrated to room temperature, the aqueous phase was purified and contratrated by 
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SPE as described above for water samples. The obtained eluate was evaporated also to a 
final volume of 0.5 mL. The n-hexane phase did not require further purification and was 
directly evaporated to a final volume of 0.5 mL. Two 0.5 mL final extracts were 
measured using LC-MS-MS. The flow chart of sludge samples pretreatment procedure 
was summarized in Figure 3.6. 
                          
Plate 3.3: Set-Up of Soxlet Extraction Apparatus (left) and Rotary Evaporator (right) 
 
 
Figure 3.6: Flow Chart of Sludge Samples Pretreatment Procedure 
Sterilized 
Methanol








(BPA, E1, E2, EE2)
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3.7.3 LC-MS-MS Analysis 
10 µL filtered samples from the above was injected into the LC-MS-MS (shown in Plant 
3.5). Analyses were performed by reverse-phase liquid chromatography (RP-LC) 
followed by electrospray ionization (ESI) double mass spectrometry (MS-MS). RP-LC 
was performed on an Agilent 1100 series (USA) LC using an Agilent column (15 cm × 
2.1 mm i.d.) packed with 3.5 µm ZORBAX SB-C18 particles. Analyses were eluted by 
gradient elution using 0.1% triethylamine buffer solution and acetonitrile as Phase A and 
Phase B, respectively.  
API 2000 MS-MS system (AB Sciex Instruments, USA) was used as double mass 
spectrometry.  The ion spray voltage was -4.5 kV. Nitrogen gas was supplied as 
nebulising, drying, curtain and collision gases. The multiple reaction monitoring (MRM) 
mode was selected for quantification, and 2 pairs of Q1/Q3 were chosen for each estrogen 
compound (E1: 269, 143/145; E2: 271, 145/183; EE2: 295, 145/143; BPA: 227, 212/133; 
4-NP: 219, 133/119; E1-3G: 445, 113/269; E1-3S; 349, 269/145; E2-3G: 447, 113/271; 
E2-17G: 447, 85/271; E2-3S: 351, 271/80; E2-3,17S: 215, 80/175; E2-3G,17S: 263, 
97/175). In order to optimize MRM conditions, a full scan and a product ion spectrum for 
each compound were first acquired in negative mode by infusion of standard solutions of 
each analyte.  
Data processing was performed with the software analyst 1.4 obtained from the supplier. 
All compounds were calibrated using linear regression. Correlation coefficients were 
required to be at least 0.995 and typically exceeded 0.999. The LOD was 5 ng/L for E1-
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3G, and 1 ng/L for the other compounds, calculated using a signal-to-noise ratio of 3. 
Three measurements were made for each sample.  
3.8 Detection of Overall Estrogenicity－ YES Bioassay 
The YES assay uses a yeast strain (Saccharomyces cerevisiae BJ3505) responsive to 
estrogens. Yeasts do not contain sex steroid hormone receptors, except those transfected 
into the strain, but they possess proteins homologous to mammalian cells that are 
required for activated transcription. The transfection was done by integrating human 
estrogen receptor α gene (hER) together with expression plasmids (estrogen responsive 
elements, ERE and lac-Z reporter gene encoding β-Galactosidase).  This ERE, when 
binded to an active ligand e.g. any estrogen-like substances, will interact with 
transcriptional factors and other transcriptional components to modulate gene 
transcription which in turn causes expression of the reporter gene lac-Z that induced the 
enzyme β-Galactosidase.  
Shown in Figure 3.7, when the β-Galactosidase was released from the yeast cell due to 
the breaking of their cell walls, it would produce the yellow color element when in 
contact with β-mercaptoethanol present in the assay buffer added. The yellow product 
was the result from the cleavage of orthonitrophenol (ONPG)  by β-Galactosidase, known 
as orthonitrophenol. The intensity of the color will indirectly indicate the concentration of 
estrogenic compounds, since it is linearly correlated with the amount of estrogenic 
compounds present in the samples tested. This intensity was measured by the absorbance 
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by a spectrophotometer, which is available in the laboratory in the form of a kinetic 
microtiter plate reader (Tecan Genios/Sunrise, Austria).  
              
Figure 3.7: Yeast Receptor Gene Assay Mechanism 
3.8.1 Preparation of Standard Chemicals 
 
Gold medium and growth medium were mixed with reference to the composition as listed 
in Gaido et al. (1997). For every 100 mL, the chemicals were weighed and mixed with 50 
mL of Mili-Q water and then top up in a 100 mL-measuring cylinder. They were well 
mixed and filter-sterilized by using pre-sterilized filtration products (Nalgene®, USA) to 
remove bacteria and suspended solids. Finally, they were stored in fridge at 4°C and 
usable over a few months.  
Agar was used for the culturing of yeast and subsequent storage in the fridge at 4°C. 10 
mL of Yeast Nitrogen Base (67 g/L), 2g of Bactoagar and 78 mL of Mili-Q water were 
first mixed together in 250 mL of Duran bottle and shake well. The mixture was 
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autoclaved and subsequently cooled until it could be handled without difficulty. Then 1ml 
of lysine (3.6 g/L), 1ml of histidine (2.4 g/L) and 10ml of dextrose (200 g/L) were added 
into the mixture. After swirling to mix well the new solution, 15-20 mL were poured into 
each master plate. The plates were allowed to cool at room temperature until it hardened. 
These were then stored in the fridge at 4o C. 







The assay buffer acts as the color indicator for successive identification and 
quantification of the amount of estrogenic activities, and the chemicals and sequence 
(from top to bottom of table) required preparing 10 mL of assay buffer was shown in 
Table 3.6. After the buffer was prepared, it was then stabilized in an oven at 30oC for an 
hour. Upon stabilizing, 100 μL of assay buffer manufactured was then pipetted into each 
of the wells of the 96-well microtiter plate. 
3.8.2 Yeast Cultivation  
The yeast used in the experiment was Saccharomyces cerevisiae (Strain BJ3505). The 
strain was stored in the laboratory refrigerator on petri dishes. Each plate was stored for 
Chemical Amount  
2 mg/mL ONPG 20 mg 
Z-buffer 9.863 mL 
50 mM β-mercaptoethanol 35 μL 
10% Sodium Dodecylsulfate Solution (SDS) 100 μL 
200 U/μL oxalyticase 10 μL 
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Figure 3.8: Summary of Yeast Cultivation Procedures 
The yeast cultivation procedure is summarized in Figure 3.8. A colony of yeast was 
seeded in 5 mL of Gold medium and incubated in an orbital shaker at 28°C and 300 rpm. 
It was then spread on the new agar plate evenly in a cross-line pattern and placed in an 
oven at 37°C for 48 h for growth before storage and use.  
3.8.3 YES Assay Procedure and Optimisation  
The YES applied for estrogenic activity testing was based on the yeast-based reporter 
gene assay developed by Gaido et al (1997) with some modifications as done previously 
by Fong et al (2003). The whole YES process was summarized in Figure 3.9. A colony of 






Transfer yeast in 
conical flask       
+                
25ml Growth 
Medium           
 
                 
Incubate 6-7h at 
28°C, 300rpm 
 
Add 100 µL of 







100 µL of assay 
buffer to 96-well 
in triplicate, 
read at OD420 






Dilute with Growth 
Medium to OD=0.03  
+                 
50μM CuSO4        







at 28°C, 300rpm 
 
 
Dilute with Growth 
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yeast was extracted carefully in the bio-hood and grown in 5 mL of Gold Medium inside 
a 50 mL centrifugal tube. It was incubated overnight at 28oC with vigorous orbital 
shaking at 300 rpm, as 28oC is the optimum growth temperature for the yeast 
Saccharomyces cerevisiae. The yeast solution was then transferred into a conical flask 
and mixed with 25 mL of growth medium. This was incubated again at 28oC with 
vigorous orbital shaking at 300 rpm from early morning till late afternoon and began 











Figure 3.9: Summary of YES Assay Procedures. 
The yeast solution was then diluted with growth media to achieve OD600 = 0.03. 50 μM of 
CuSO4 were added to induce receptor production. To establish a standard curve, E2 
chemicals that were prepared with concentration from 0.00005 mg/L to 1 mg/L range by 
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using Growth Medium, were added in 10 mL centrifugal tube to achieve 100 times 
dilution (i.e. 5 µL of E2 chemicals to 5 mL of yeast solution). For each concentrated 1000 
times water sample, the curve was established by building concentration factors (CF) 
ranged from 0 to 15 for later E2 equilibrium quantification (EEQ). A blank sample that 
was prepared in accordance to the similar SPE stages as other test samples, except that 
the water sample was replaced by Mili-Q water, was also included in each experiment as 
negative control. The cultures were incubated at 28oC, 300 rpm overnight. 
After overnight incubation, each centrifugal tube was diluted with Growth Medium to 
around OD600 = 0.25. 100 μL of each sample was added to each well of a 96-well 
microtiter plate in triplicate. After that, 100 μL of assay buffer was prepared on the same 
day (usually one hour before use) and stabilized in the oven at 30°C for an hour before 
added to each of the wells.  The buffer has pungent smell, thus this step was done in a 
bio-hood. After 45 minutes, the yellow product produced as a result of the complex 
reactions between the estrogenic compounds and the ONPG in the assay buffer was 
measured using a kinetic microtiter plate reader (Tecan Genios/Sunrise, Austria). OD420 
was read every minute for 5 minutes. The β-Galactosidase activity, which indirectly 
reflects the amount of estrogenic compounds present in the sample, was normalized in the 
following formula: 
         β-Galactosidase activity = Vmax / OD590  (1) 
Where  Vmax = maximum OD420 (maximum intensity of the yellow color produced), 
                                    measured in 5 minutes.  
 
           OD590 = cell density of the yeast solution 





 The Tecan micro plate reader as in Figure 3.9 can measure each well separately and thus 
individual β-Galactosidase activity.  
Optimisation of YES assay’s reaction time was carried out in this study. Investigation 
was done to compare the recommended 20 mins, 45 mins and 2 hrs from different 
literatures (Gaido et al, 1997; Fong et al, 2003). The anoxic supernatant and aerobic 
supernatant of MBR A were selected for the test. As seen in Figure 3.10, for both 
supernatants, the EEQ results followed the reaction time sequence of 45 mins > 2 hours > 
20 mins. Thus, 45 mins was chosen as the optimum reaction time for the β-Galactosidase 
released from the yeast cell due to the breaking of their cell walls to cleave the ONPG for 



















Figure 3.10: Optimisation of YES Assay’s Reaction Time 
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3.8.4 Development of E2 Standard Curve 
The sensitivity and reproducibility of YES assay were established to ensure the method 
creditable, and they were achieved by testing the response of the yeast assay to E2. As 
shown in Figure 3.11, the β-Galactosidase activity seemed to start at around 1.00×10-6 
mg/L (equivalent to 3.67×10-12 M),  then continued to increase until 1.00×10-3 mg/L 
(equivalent to 3.67×10-9 M), where the curve started to form plateau. Comparing with the 
similar sigmoidal E2 standard curve obtained by Gaido et al. (1997), the standard curve 
formed in this research project showed a higher degree of sensitivity. This was deduced 
from the fact that the detection limit of this research project started at 3.67 X 10-12 M, 







































































   






Figure 3.11: E2 Standard Curve     
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3.8.5 Statistical Analysis 
The overall estrogenicity in the influent and effluent could be obtained after the 
establishment of standard curve of yeast assay for E2 receptor activity. All experiments 
were performed under identical experimental conditions to ensure reproducibility.  
The EEQ is the total concentration of estrogenic active compounds in an environmental 
sample normalized to the nature estrogen 17ß-estradiol. The EEQ value was calculated as 
the quotient of the EC50 values of E2 and the sample according to the following equation. 
EEQ = EC50 [E2]/ [(FS)×(CFSPE)] =EC50 [E2]/ EC50 [sample]                                  (2) 
Where, FS = the volume fraction of sample in the dilution that produced a half-
maximal test response,  
           CFSPE = the sample SPE concentration factor. 
For the extracted sample, the ED50 value is the final concentration factor (estrogen 
concentration in 5 mL of yeast solution / concentration in original water sample) at which 
50% of the maximum ß-Galactosidase activity is achieved. The EEQ value is the product 
of concentration factor and EC50 value of the positive control. For all samples, standard 
curve fitting and EC50 calculations were based on the sigmoid model (GraphPad Prism, 
4.0 for Windows, GraphPad Software, San Diego, CA), shown in Equation 3. The 
detection limit of the assay was defined as response of solvent plus three times of the 
standard deviation. General statistical analysis was conducted using Microsoft Excel 
2003. 
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Response = bottom + (top-bottom) / (1+10(log EC50-x))                                                (3) 
3.9 Measurement of MBR Systems Performance 
3.9.1 Chemical Oxygen Demand  
Soluble chemical oxygen demand (COD) was obtained by filtration using a 0.45 µm filter 
(polyamide). It was measured in accordance with Standard Methods (APHA, 1998).  
3.9.2 Nitrogen 
Nitrogen parameters examined in this study comprise NOx-N (NO3-N + NO2-N), total 
nitrogen (TN), and NH3-N. NOx-N concentrations were measured using an ion 
chromatography system (DIONEX DX500 chromatography system, Singapore). TN 
contributions were determined using the HACH Kit Method 10073. Before TN, NO2-N, 
and NO3-N measurement, samples were filtered with 0.7 um glass fibre paper. NH3-N 
was measure by HACH test kit (HACH Company, US) directly. These kits were used in 
HACH DR5000 UV-Spectrophotometer.  
3.9.3 Total Suspended Solids  
  
Total suspended solids (TSS) were measured in accordance with Standard Methods 
(APHA, 1998).  
3.9.4 Transmembrane Pressure 
TMP was read from pressure gauge (Winters Instruments, US). 




pH analysis was performed in accordance with Standard Methods (APHA, 1998). 
3.10 Measurement of Physicochemical Characteristics of Activated Sludge  
3.10.1 Mixed Liquor Suspended Solids & Mixed Liquor Volatile Suspended 
Solids  
Mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids 
(MLVSS) were measured in accordance with Standard Methods (APHA, 1998). 
3.10.2 Extra cellular Polymeric Substance  
Extra cellular polymeric substance (EPS) content in biomass was extracted using the 
following procedure adapted from FrØlund et al. (1996). First of all, 20 mL biomass 
sample was centrifuged at 2000g, room temperature, and 15 min with the supernatant 
decanted. The centrifuged biomass was re-suspend back to 20 mL with fresh phosphate 
buffer (526 mg/L NaCl, 74.56 mg/L KCl, 760.2 mg/L Na3PO4 and 552 mg/L NaH2PO4), 
was then transferred to a closed container, in which cation exchange resin (DOWEX 
Marathon C, Na+ form, 20-50 mesh size, Fluka 91973 from Sigma- Aldrich) at 90 
g/gMLVSS was used to remove cations that bind to cell wall. The Mixture was stirred at 
600 rpm for 2 h in an ice bath. The mixture was then centrifuged at 12,000g for 30 min at 
4ºC to remove the resin and the microorganisms. The supernatant was then used for 
protein or carbohydrates test. 
  Chapter Three: Materials and Methods   
94 
 
Protein was measured by modified Lowry Method (Stoscheck, 1990). 1 mL of sample 
(dilute if necessary) was added into a test tube, and that containing only distilled water 
worked as blank. 5 mL of Assay Mix, prepared by mixing 50 mL Alkaline Reagent (0.1 
M NaOH, 2% Na2CO3, 0.5% Na Tartrate) and 0.5 mL Copper Reagent (1% 
CuSO4.5H2O), was added into each test tube and thoroughly vortexed. Subsequently, 
tubes were incubated at room temperature for 10 min. After that, 0.5 mL of diluted Folin-
Ciocalteu reagent was then added and vortexed immediately, tubes were incubated at 
room temperature for 30 mins. Lastly, the tubes were vortexed, and the 
spectrophotometer was zeroed with the blank and the absorbance was measured at 660 
nm.  
Total carbohydrates was measured by Phenol-Sulfuric Acid Method (Dubois et al., 1956). 
Firstly, glucose standard of 100 ug/mL was prepared. The above glucose solution was 
used to prepare six sugar standard solution (to a total volume = 2 mL), each containing 0, 
20, 40, 60, 80, 100 ug of sugar. 2 mL of sample containing the equivalent of 20-100 ug 
glucose was pipetted to each test tube. To all tubes, 1 mL 5% phenol was added and 
mixed. Using the rapid dispenser, 5 mL of sulfuric acid was added and mixed with a 
vortex mixer, after which the tubes standed for 10 mins, and were then placed in water-
bath at 25-30ºC for 10-20 mins. The test tubes were vortexed again and the absorbance 
was measured at 490 nm in UV-Vis spectrophotometer. 200 uL of the each of the 
solution was then transferred onto the microplate (triplicate) and the absorbance at 492 
nm was read. 
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3.10.3 Surface Charge 
Surface charge of microbial flocs was determined by titration method (Morgan & Forster, 
1990) at neural pH. Polybrene and polyvinyl sulfate (PVSK) were used as the cationic 
and anionic standards, respectively, in the titration method. A known volume (2 mL) of 
sludge sample was diluted with 4 mL deionized distilled water and mixed with an excess 
amount of Polybrene standard solution. Standard solution of 0.001N PVSK was used to 
titrate against the excess amount of polybrene using a few drops of toluidine blue as an 
indicator; a subtle color change from blue to purple. An equal volume of polybrene in 6 
mL deionized distilled water for each titration series was used as a blank. The surface 
charge can then be determined from the following equation:  





                                                  
(4) 
Where A = the amount of PVSK (in mL) added to the sample;  
            N = the normality of PVSK;  
           B = the amount of PVSK (in mL) added to blank;  
           V = the amount of sample (in mL) used;  
          M = the amount of MLVSS (in g/L).  
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3.10.4 Hydrophobicity  
Hydrophobicity of sludge was detected by water contact angle measurements on a 
prepared sludge cake. The contact angle measurements were performed by a Contact 
Angle Goniometer (Model 100-22; Ram´e-Hart instrument co., US) at room temperature. 
Deionised water droplets were introduced by a Gilmont microsyringe onto the sludge 
sludge. Liquid droplets formed on the sludge cake surface and the contact angle was 
measured. 
20 mL of samples were extracted from reactors and centrifuged at 2000g for 5 min before 
decanting the supernatant, excess pure H2O was then poured in and this procedure was 
repeated twice. The washed sludge samples with a concentration of 2.5 g/L were mixed 
in a vortex for 10 min, and 10 mL of sample was subsequently filtered through a 
cellulosic membrane (Black MSI Microsep, pore size 0.45 µm) under suction filtration at 
400 mmHg.  
The filter paper along with the disposed sample (residue) was placed onto the agar plates 
to allow moisture to be retained when no more water can be removed. After waiting for 
15 – 20 min to equilibrate the moisture, one drop of pure H2O was placed onto the sludge 
cake using a micrometer syringe (accuracy 0.022 µL). The drop shape was captured after 
no shrinking of water droplet was observed (4–5 seconds after the sessile drop was placed 
on the surface of sludge cake). The reading of contact angle from system was recorded, 
and at least 10 droplets were introduced and the average contact angle data was taken for 
each sludge sample. 
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3.10.5 Floc Size  
 
Floc size was measured using the particle size analyzer function of ZetaPALS 
(Brookhaven Instruments Corporation, US). Particle size was evaluated over time with 
dynamic light scattering technology. 
3.11 Measurement of Biological Characteristics of Activated Sludge  
3.11.1 Oxygen Uptake Rate and Specific Oxygen Uptake Rate  
Oxygen uptake rate (OUR) and specific oxygen uptake rate (SOUR) were measured 
using a Winkler bottle method. DO concentration was constantly measured using an 
oxygen sensor (Yellow Springs Instruments, US). During the experiment, samples were 
constantly stirred using a magnetic stirrer. The decrease in DO concentration was 
transferred into a utilization rate, assuming linearity in the decreasing slope. SOUR and 




                  
MLVSS
OUR=
                                                                         (5) 
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3.11.2 Non-flocculating Microorganisms  
It was measured according to Wilen et al. (2000). A sample of biomass from each reactor 
was centrifuged at 1300g for 2 min and the supernatant turbidity was measured by 
portable turbidity meter (Hach Company, US). 
3.12 Degradation Kinetics 
The rate of an enzyme reaction for a chemical compound degradation in sludge may be 
described by the Michaelis-Menten Equation (Alexander, 1994) to simulate a situation in 
which the microbial cells participating in the degradation are not growing to any 






×−= max                                                                                                            (6) 
Where C = the concentration of a chemical compound in a sludge solution;  
         Vm = the maximum reaction rate, which comprises contributions from extracellular 
sludge enzyme activities and intracellular sludge microbial activity for 
enzyme-catalyzed reactions; 
        Km = Michaelis constant and an indicator of the affinity that an enzyme has for a 
given substrate, and hence the stability of the enzyme-substrate complex; 
              t = time.  
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                                                                                       (7) 
The plot   yields a straight line with slope of Km and intercept of 
Vm. Vm changes with the concentrations of extra- and intra-cellular enzymes in a sludge 
system. A lower Km indicates a greater extent of binding. The ratio of Vm/Km is 
considered to indicate the competitiveness of a microorganism (Healey, 1980; Lobry et 
al., 1992). The higher this ratio, the more efficiently the bacteria can utilize the studied 
substance. 
3.13 Adsorption Isotherm and Coefficients 
The adsorption characteristics of studied compounds were described by means of 
characteristic values determination and isotherms establishment. The Freundlich Equation 
[Equation 8] was chosen to describe the adsorption data, because it has been generally 
used to illustrate the adsorption capacity of organic pollutants in water. 
n
eFe CKmxq
/1/ ==                                                                                                 (8) 
Where, x = amount of substance adsorbed (g /m3); 
       m = amount of adsorbent (g /L);  
           Ce = concentration remaining in the aqueous phase at adsorption equilibrium           
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(g /m3);  
        qe = amount of the substance adsorbed on the sludge at adsorption equilibrium    
(mg /g TSS).  
KF (mg1-1/n *(m3)1/n g TSS-1) and n are constants depending on temperature, adsorbent, 
and substance to be adsorbed. KF and 1/n give approximate measurement of adsorbent 
capacity and intensity of adsorption, respectively.  
A commonly used characteristic value for the evaluation of the adsorption behaviors is 
the specific adsorption coefficient KD (L/kg TSS), as shown in Equation 9. 
  1000/ ×= eeD CqK                                                                                                     (9) 
KOM and KOC values are also characteristic parameters to describe the adsorption capacity 
of a certain adsorbing agent. The KOM (L/kg VSS) relates the KD value to the organic 
matter of the adsorbent (Equation 10), whereas the KOC (L/kg OC) refers to the organic 
carbon content (fOC) of the adsorbents, as described in Equation 11. KOC is frequently 
used as an indicator of the tendency of compounds to partition to organic matter. 
Especially for non-ionic chemicals those specific adsorption coefficients are suitable to 
describe the adsorption behavior. Sewage sludge consists of a complex matrix differing 
from plant to plant, but the above described specific adsorption coefficients normalized to 
the organic matter or fOC of the adsorbent allows the comparisons of results obtained for 
the different sludge. The higher coefficient values are the easier for a given compound to 
partition to activated sludge. 
  VSSTSSKK DOM /×=                                                                                               (10) 
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Where, TSS = total suspended solids concentration (g /L),  
            VSS = volatile suspended solids concentration (g /L). 
  OCKK DOC %/=                                                                                                       (11) 
  Where, %OC = percentage of organic carbon in the sludge sample (%). 
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The first part of this study is to compare the removal efficiency of endocrine disrupting 
compounds in membrane bioreactors and conventional wastewater treatment processes. 
After MBR, which is the treatment process with better performance on EDCs removal, 
was selected as the concerned wastewater treatment process, the second part of this study 
was carried out for pilot-scale MBR systems, and complementary lab-scale MBR, which 
has similar set-up of pilot-scale MBR B. The pilot study served as the preliminary study 
for the lab and batch study. More in-depth investigation in the lab and batch study was 
conducted further. The influence of SRT and anoxic zone on the removal of EDCs was 
studied with lab-scale MBRs. 
From the pilot study, it is suggested that the biodegradation of EDCs, de-conjugation of 
EDC conjugates, and adsorption to activated sludge were the main mechanisms for EDCs 
removal. Therefore, the batch study was done to further investigate the degradation 
affected by initial concentration and MLSS, and adsorption affected by pH. 
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4.2 Removal of EDCs in Membrane Bioreactors and Conventional Sewage 
Treatment Processes 
4.2.1 Removal Efficiencies of EDCs in MBRs & STPs 
The concentrations of EDCs for all samples are shown in Table 4.1. EE2 was mostly 
under detection limit, and concentrations of E1 (influents: 0.08-37.7 ng/L; effluents: ND-
18.19 ng/L) were higher than those of E2 (influents: ND-17.3 ng/L; effluents: ND-10.3 
ng/L). They were at the same levels as those reported for raw municipal wastewater in 
literatures (Ternes et al., 1999; Huang & Sedlak, 2001; D’ Ascenzo et al., 2003), even 
though the influent in this study was the effluent of previous anaerobic reactors. 
Relatively higher concentration of E1 in the influent may be due to the metabolism of E2, 
E1 conjugates and E2 conjugates in the sewer and anaerobic reactors. 
The removal efficiencies of hormones are shown in Figure 4.1. Positive removal rate of 
E1 (12.3-89.8%) indicated that E1 was eliminated by combined function of 
biodegradation and adsorption, even though E1 could be produced by oxidation of E2 and 
deconjugation of estrogen conjugates in the MBRs and STPs (D’ Ascenzo et al., 2003). 
This is because the female body primarily excretes estrogens in a biological inactive form 
as sulphate- and glucoronide conjugates. Such conjugates may, depending on different 
factors, easily be cleaved, resulting in a re-activation of the estrogens to an active form 
(Panter et al., 1999). Though previous studies have shown that conjugates of the 
estrogens are in large part converted to their active forms in sewage before entering a 
STP (D’ Ascenzo et al., 2003), some estrogen conjugates still can enter treatment plants 
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(Hu et al., 2008). This may partially be the reasons why negative removal efficiency of 
E1 (around -80%) has been detected by Carballa et al. (2004). The removal of E1 in STPs 
observed in this study (12.3-58.3%) is in the range reported in reference (61±38%, 
Baronti et al., 2000), and the removal of E1 in MBRs (52.9-89.8%) was relatively higher. 
Table 4.1: Concentrations of EDCs in the Influent and Effluent of MBRs and STPs 
Compound E1 E2 BPA NP 
Influent 
(ng/L) 




























ND: not detected; the value in bracket: medium value 
While compared the removal rate of E2 with that of other STPs (64%, Ternes et al., 1999; 
85%, D’ Ascenzo et al., 2003; 94-97.5%, Zülke & Dünnbier, 2003; >90%, Zülke et al., 
2006), E2 removal efficiency by STPs observed in this study (25.3-72.9%) was relatively 
low. However, the E2 removal efficiency observed in this study was higher than that 
reported by Andersen et al. (2003), because they found that concentrations of E2 in the 
influent and effluent were comparable after the STPs treatment. The removal efficiency 
of E2 by MBRs was 55.2-91.1%, which was much higher than that by STPs. 



































































































Figure 4.1: Removal Efficiencies of EDCs by MBRs and STPs  
Compared with the removal efficiencies of E1 and E2, it is clear that the removal 
efficiency of E2 by both MBRs and STPs was higher than that of E1. This is because E1 
can be produced partly due to biodegradation of E2 in treatment plants. Also, it is noted 
that the removal efficiencies of both E1 and E2 by STPs observed in this study were 
lower than that of MBRs under identical HRT, indicating MBRs is better than STPs to 
treat natural estrogens. 
MBR                            STP 
MBR                            STP R                            ST  
M                             STP 
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The concentrations of alkylphenols such as NP and BPA in the MBRs and STPs are also 
shown in Table 4.1. The concentration of influent BPA ranged from 0.4-100.1 ng/L. As 
for NP, it ranged from 0.1 to 310.0 ng/L in the influent. They were comparable to the 
influent concentrations reported by Körner et al. (2000) and Bolz et al. (2001). Also, the 
effluent concentrations of both BPA and NP were comparable to the findings in the 
literatures (Blackburn and Waldock, 1995; Rudel et al., 1998), where the effluent 
concentration of NP was reported to range from <1 to 330 µg/L, and that of BPA was 
reported to be <1 µg/L.  
The removal efficiency of BPA ranged from 35.2 to 90.9% by STPs, and ranged from 
65.2 to 93.4% by MBRs. Under HRT of 6 and 8 hours, BPA were mostly removed 
(>80%) in STPs as well as in the MBR and its removal was as good as 70-94% in STPs 
reported by Bolz et al. (2001) and 95.3% in MBRs reported by Wintgens et al. (2003). 
Considering the low EDCs effluent concentrations, biodegradation or biotransformation 
processes are the main removal mechanisms for BPA. Under HRT of 4 hours, the 
removal of BPA was much lower, only 25.3±2.5%, indicating a dependency of BPA 
degradation on the HRT.  
The removal efficiency of NP ranged from 40.3 to 57.6% by STPs, which is much lower 
than 90% reported by Auriol et al. (2006). The removal efficiency of NP ranged from 
46.7 to 81.7% by MBRs, comparable to the NP removal by MBRs reported (81.2%, 
Hegemann et al., 2002; 80.8-87.0% Wintgens et al., 2003), if MBRs were operated under 
HRT of 8 hours. Under HRT of 6 and 8 hours, the removal of NP was lower than that of 
BPA, probably caused by the conversion of nonylphenol polyethoxylates (NPnEOs) to 
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NP under enough long residence time. To verify the formation of NP in treatment plants, 
the increase of NP concentration in effluents as compared with that of influents in MBR 
systems has been reported by Hu et al. (2007). Biodegradation of NPnEOs in wastewater 
treatment plants or in the environment is generally believed to start with a shortening of 
the ethoxylates (EO) chain, generating more persistent short-chain NPEOs and NP (Ying 
et al., 2002). It is also noted that the removal efficiencies of both BPA and NP by STPs 
were lower than that of MBRs operating under same HRT, indicating MBRs is better than 
STPs to treat xenoestrogens such as NP and BPA. The results reported by Chen et al. 
(2008) also showed that MBR could remove BPA a little more effectively than a 
conventional activated sludge reactor. 
From the above, it is clear that the removal efficiency of MBRs is much higher than that 
of STPs for all EDC compounds. The reason is that SRT is a key parameter of wastewater 
treatment in STP and MBR, concerning the removal of micro-pollutants. The possibility 
for genetic mutation and adaptation of microorganisms to assimilate persistent organic 
compounds increases at higher SRTs (Cicek et al., 2001). With longer SRT in the MBR, 
contact time, the diffusion into the flocs, and the adaptation of micro-organisms to the 
substrate are improved. From these studies, it can be concluded that SRT of 40 days in 
MBRs allow for sufficient removal rates regarding the investigated micro-pollutants. In 
relation to SRT, the biomass concentration varied in MBR and STP. Sorption of micro-
pollutants is favored by the high biomass content, which is especially characteristic for 
MBR. Moreover, the biomass characteristics are important factors for biodegradation and 
differ between STP and MBR treatment (Brindle & Stephenson, 1996). For example, the 
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size of bacterial flocs of the activated sludge differs between STPs and MBRs. In MBR it 
varies between 10 and 100 µm, and in the STP between 100 and 500 µm (Zhang et al., 
1997). The small size of flocs and the large floc surface implies short distances to be 
overcome by the substrate during the diffusion into the flocs. Comparing the MBR and 
STP systems, Cicek and collaborators (1999) showed that the biomass in the MBR has 
higher viable fraction than in the STP. This phenomenon can be attributed to improved 
mass-transfer conditions in the MBR favored by smaller flocs and the presence of many 
free-living bacteria. Furthermore, MBR has advantage in reduction of suspended solids 
that tend to absorb EDCs, which may result in their better reduction. 
The removal efficiencies of all EDCs by MBRs were much lower than those reported in 
Table 2.5. This may be due to the operational parameters used in their plants, which 
performances were dependent on, such as reactor temperature, loading rates, length of the 
period required for process improvement and stabilization, HRT and SRT. As 
biodegradation is the primary removal mechanism for organics in the activated sludge 
treatment, the degree of bioavailability of a micropollutant is important (Vinken et al. 
2004; Burgess et al. 2005). The degradation rates are strongly dependent upon 
environmental conditions, such as the redox potential of the systems and the microbial 
populations present. The acclimatization of microorganisms to the substrate requires time 
and the affinity of the bacterial enzymes for the micropollutant in the activated sludge 
influences the pollutant transformation or decomposition (Spain et al. 1980; Matsumura 
1989). For example, 2 MBR plants studied by Zülke et al. (2006) were operated at HRT 
of 11 h, and STPs was operated with a constant average HRT of approximately 18 h. 
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Their HRT is much longer than that adopted in this study. The lower removal efficiency 
observed in this study might be caused by the relatively shorter overall HRT in MBR and 
STP (4-8 h compared with 11 and 18 h). Secondly, the lower removal efficiency in this 
study may be caused by the existing anoxic tanks in MBRs and STPs, where anaerobic 
zones were expected to appear due to high organic loading in MBRs. This is because 
oxygen concentration reduction from the aerated compartments to the denitrification 
chamber due to the sludge recirculation might influence the removal of EDCs. Joss et al. 
(2004) observed a dependency of the removal of E1 and EE2 on redox conditions, 
maximum rates occurring under aerobic conditions. NPnEOs are degraded more easily 
under aerobic, than under anaerobic conditions, whereas a complete deethoxylation with 
formation of NP was observed under anaerobic conditions only (Ahel et al., 1994). 
Therefore, higher removal of EDCs is expected, if the MBR or STPs is overall aerobic 
during the entire HRT. 
4.2.2 Effect of HRT on EDCs Removal Efficiencies 
It is obvious that the removal efficiency of E1, E2 and BPA increased when HRT 
increased from 4 to 8 hours in both MBR and STP, as shown in Figure 4.1. However, for 
NP, the removal efficiency decreased with the increased HRT. This indicated that HRT is 
an important parameter that affects EDC removal. The longer is the HRT, the longer is 
the water held in the MBR or STP and the greater is the time available for biodegradation 
of all EDC compounds and their conjugates or parent compounds. As shown in Figure 
4.1, longer residence time caused E1, E2 and BPA, originated from influent or de-
conjugated in reactors, to be degraded and adsorbed by activated sludge more adequately. 
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The present study agreed with the study of Johnson et al. (2004) who provided some 
evidence that the increased HRT increased the amount of E1 removal within sewage 
treatment plants. However, Chen et al. (2008) found that HRT did not obviously 
influence the removal of BPA in MBR, when HRTs were shortened from 8 to 5.3 h and 
then to 3.9 h. However, their results did suggest that microorganisms might need contact 
with the BPA through adsorption in order to achieve biodegradation. This in turn 
suggested that longer HRT could benefit the biodegradation of BPA. 
However, total nonylphenols (NPnEOs) concentrations in untreated wastewater as 
reported in the literature were quite high. The concentrations of NPnEO in the untreated 
wastewater from Santa Maria Nativitas was 59.5-229 µg/L, (n=4-9; Belmond et al., 2004), 
and that reported for raw wastewater in cities from industrialized countries like Canada 
was 798.4-8811.2 µg/L (n=3-17; Bennie et al., 1998), 24-938 µg/L in Spain (n=3-17; 
Sole´ etal., 2000) and 844-2250 µg/L in several cities worldwide (n=3-18; Bennie, 1999). 
Long-chain NPnEOs could be degraded to short-chain NPnEOs, and further to NP in 
wastewater treatment process and short-chain NPnEOs and NP were absorbed on 
activated sludge and accumulated in mixed liquor (Okayasu et al., 2004), as the enzymes 
and bacteria required for NPnEOs degradation existed abundantly in both aerobic and 
anaerobic sludge (Zhang et al., 2008). Due to the relatively high concentration of 
NPnEOs in the influent, more NP could be converted from NPnEOs under longer 
residence time, which indicates that the sufficient cleaving of NPnEOs needs longer time. 
It indicated that it was difficult to control these harmful metabolites of NPnEOs including 
NP in the conventional treatment processes. 
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4.2.3 Adsorption of EDCs by Sludge in MBRs & STPs 
EDCs can be adsorbed to MLSS before appreciable degradation occurs. However, the 
level of EE2 was under the detection limit, because their concentrations in the influent of 
MBRs and STPs were too low. The adsorption of E1, E2, BPA and NP are shown in 
Figure 4.2. The adsorption of E1 was 3.48±0.8 µg/kg d.m.(dried mass) in MBR, and 
8.45±0.9 µg/kg d.m. in STPs. It was lower than that reported in references, in which E1 
was detected up to 37 µg/kg d.m. (Ternes et al., 2002). The adsorption of E2 was 
1.85±0.2 µg/kg d.m. in MBR, and 3.47±0.4 µg/kg d.m. in STPs. It is obvious that the 
adsorption of natural estrogens on the sludge was higher in STPs than that in MBRs. This 
might be due to the high MLSS in MBRs, whereby the maximum possible adsorption 
capacity per kg sludge might have not been reached. 
The adsorption of BPA was 14.6 µg/kg d.m. in MBRs, and 30.3 µg/kg d.m. in STPs, 
while the average adsorption of NP was 110.46 µg/kg d.m. in MBRs, and 93.88 µg/kg 
d.m. in STPs. The adsorption of alkylphenols (such as NP) and BPA was relatively low, 
compared with the adsorbed BPA of 33 to 36,700 µg/kg d.m. in Canada (Lee & Peart, 
2000) and up to 32,100 µg/kg d.m. in Germany (Gehring et al., 2002). In Germany, very 
high NP concentrations, up to 560,000 µg/kg d.m., in all kinds of sewage sludge were 
detected (Gehring et al., 2003). Xia et al. (2001) also reported an average dry weight 
basis NP concentration of 130,000 µg/kg d.m. in Kansas. The low adsorption of BPA and 
NP in this study might be caused by the low influent concentrations. It is also obvious 
that the adsorption of BPA on the sludge was higher in STPs than that in MBRs. 
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However, the adsorption of NP on the sludge was lower in STPs than that in MBRs. This 
might be caused by the higher concentration of NP in MBRs, because more NP could be 
formed in MBRs. 
The adsorption of NP on the sludge was the highest amongst all EDCs, which is due to 
the fact that NP has the highest logKow of 4.48, lowest aqueous solubility of 5.43 mg/L 
and its relatively high concentration in MBRs and STPs. Since NP is more hydrophobic, 
it is more likely to stick onto sludge solids. 
 
Figure 4.2: Adsorption of EDCs in MBRs and STPs  
MBR                                                STP 
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4.3  The Fate of EDCs in Pilot-scale MBR Systems  
4.3.1 Evaluation of Overall Estrogenicity in MBR Systems 
To assess the overall EDC removal performance of MBR systems, the overall 
estrogenicity in influents and effluents were detected. As shown in Figure 4.3, the overall 
estrogenicity of pilot-scale MBR effluent was in the range of 0.75±0.44 to 1.24±0.22 ng 
EEQ/L. The overall estrogenicity of lab-scale MBR effluent was in the range of 
1.60±0.93 to 1.70±0.56 ng EEQ/L. The overall estrogenicities of MBR effluents were 
comparable to that of other effluents, e.g. 2.9 ng EEQ/L from the STP located in Cobis, 
Italy (Desbrow et al., 1998) and 2.5 ng EEQ/L from Penha, Rio de Janeiro (Ternes et al., 
1999), but lower than the values of 10.5 ng EEQ/L from the STP in Frankfurt/Main, 
Germany (Ternes et al., 1999) and 6 ng EEQ/L reported by Körner et al. (2000). It 
appears that MBR had relatively good performance in estrogenicity removal, which may 
be caused by its process intensification through high biomass concentration. 
Figure 4.3 shows the overall estrogenicity of liquid samples from different phases of the 
MBR process. It is apparent that the overall estrogenicity decreased from the anoxic to 
the aerobic tank. However, the overall estrogenicity of the effluent was not lower than 
that in the aerobic tank, which indicated that the microfiltration (MF) or ultrafiltration 
(UF) membranes used in the MBRs could not retain estrogens, due to their small 
molecule sizes. Comparing the overall estrogenicity of the effluent from the various 
MBRs, it is clear that it increased with increased loading in the influent. As shown in 
Figure 4.3, even though the operational parameters of 17d-SRT MBR were very similar 
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to that of MBR-B, the overall estrogenicity in its effluent was much higher (1.70±0.56 ng 
EEQ/L compared to 0.75±0.44 ng EEQ/L). It is also obvious by comparing the effluent 
from the two lab-scale MBR systems with SRTs of 17 d and 33 d that higher SRT was 
better for the removal of overall estrogenicity in MBR systems. It is probably because 
prolonged SRT could lead to higher biomass concentration, and it is in good agreement 
with the results reported by Jaffé (1991) who found that EDCs removal increased with an 









































Figure 4.3: Overcall Estrogenicity of Liquid Samples in Pilot- and Lab- Scale MBRs 
Figure 4.4 shows the overall estrogenicity of the sludge in the MBR systems, and it 
ranged from 1.67±0.63 to 8.42±2.38 µg E2-Eq/kg TSS, which was comparable with that 
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reported by Holbrook et al. (2002). This result was substantially lower than the 
previously reported estrogenic activity of the solid phase samples in STP of 35 µg E2-
Eq/kg TSS (Holbrook et al., 2002). This might be due to the high MLSS in the MBR, so 









































Figure 4.4: Overall Estrogenicity in Sludge from the Anoxic and Aerobic Tanks of 
Pilot- and Lab- Scale MBRs 
4.3.2 Fate of Estrogen Compounds in MBR Systems 
4.3.2.1 Fate of Hormones and Their Conjugates 
The concentrations of hormones and conjugates as well as their removal efficiencies in 
the various MBR systems are shown in Table 4.2. It can be seen that the concentrations 
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of E1 (influents: 16.5-47.95 ng/L; effluents: ND-12.12 ng/L) were one order higher than 
those of E2 (influents: ND-6.21 ng/L; effluents: ND-2.83 ng/L). These are similar to 
those reported in literature (Huang & Sedlak, 2001; Ternes et al., 1999 and D’Ascenzo et 
al., 2003). The relatively high concentration of E1 in the influent was probably due to the 
oxidation of E2 or deconjugation of E1 and E2 conjugates in the sewer.  
The high removal rate of E1 (80.2-91.4%) in membrane systems, compared to 61±38% 
(Baronti et al., 2000)  and around -80% (Carballa et al., 2004) in STPs reported in 
references, indicated that E1 could be eliminated very fast, even though E1 can be 
produced in the MBR systems by oxidation of E2 or deconjugation of estrogen 
conjugates. While compared with the removal rate of E2 of 64% (Ternes et al., 1999) and 
85% (D’Ascenzo et al., 2003) by STPs, E2 removal efficiency in this study (49.3-63.1%) 
was relatively low.  
The concentrations of most estrogen conjugates were at the same level of free estrogens, 
except for E2-G (including E2-3G and E2-17G) which was at a higher level (41.0-99.5 
ng/L). This was most likely because most steroid estrogens are excreted in urine as the 
glucuronides instead of sulfate conjugates (D’Ascenzo et al., 2003). Also, E2-3G17S, E2-
3S17G and other E2-G parent conjugates, which originate from urinary excretions by 
women, could have released E2-G to the sewer as they are readily cleaved to mono-
conjugates through either desulfation or deglucuronidation by bacteria. The E2-G were 
different from the results reported by D’Ascenzo et al. (2003) and Reddy et al. (2005), 
who observed lower concentrations of 5.2 ng/L (D’Ascenzo et al., 2003) and 0.3 ng/L 
(Reddy et al., 2005), respectively. The difference may be due to the higher ratio of 
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domestic to industry wastewater, which led to the higher concentration of E2 
glucuronides in the raw sewage, and shorter time between collection and treatment which 
could have decreased the deconjugation rate of estrogen glucuronides in the sewer.  
The low concentration of conjugates in the treated effluent, which had a maximum 
concentration of 27 ng/L, suggested that a majority of steroid conjugates was removed in 
the MBR process by various bacteria stains in the activated sludge. Fecal bacteria, 
Escherichia coli, which exists in large quantities in the feces, is able to synthesize large 
amounts of the ß-glucuronidase enzymes (Dray et al., 1972), and it has been suggested to 
be responsible for the removal of estrogen glucuronides after treatment. Furthermore, 
Johnson and Sumpter (2001) suggested that the activated sludge containing arylsulfatase 
enzyme could achieve desulfation. 
It is clear that the removal rates of E1-3G (62.4-84.9%), E2-G (55.1-80.4%), E1-3S 
(10.1-48.3%) and E2-3S (80.2-100%) were lower than those reported by D’Ascenzo et al. 
(2003), which were 84%, 100%, 64% and 100%, respectively, in STPs. The low removal 
rates of estrogen conjugates might be caused by two reasons. Firstly, the relatively short 
HRT of the MBR systems (6 h) compared with that of the STPs did not allow enzymes 
sufficient time to degrade conjugates in the MBR process, as both glucuronides and 
sulfates are difficult to convert. Reported half-lives are 6 h for estrogen glucuronides and 
2.5 d for estrogen sulfates (D’Ascenzo et al., 2003). Secondly, all MBRs were operated 
with pre-denitrification zones, which might have decreased the biodegradation rate of the 
compounds. Moreover, the extremely low removal rate of E1-3S could be caused by its 
slow biotransformation and conversion from E2-3S or other parent conjugates.  
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Additionally, the effluent concentration of E2-G was much higher than that of E2-3S, due 
to the higher concentration of E2-G in the influent. 
It is however, obvious that substantial amount of E1, E1-3S, E1-3G, and E2-G still 
passed through the treatment system and entered the aquatic environment. Therefore, it is 
inadequate to be concerned with only free estrogens in the effluent of treatment plants, as 
conjugates can be converted to free estrogens further downstream in the receiving water. 
Table 4.3 lists the overall equivalent E1 and E2 values for the influent and effluent of the 
MBR systems. The equivalent E1/E2 concentration in the conjugates was calculated by 
multiplying the conjugate concentration by the molecular weight of E1/E2, and then 
deviding by the weight of E1/E2 conjugate. The reduction for overall equivalent E1 was 
69.53% and that for overall equivalent E2 was 86.98% in MBR A; the reduction for 
overall equivalent E1 was 68.40% and that for overall equivalent E2 was 80.53% in MBR 
B; the reduction for overall equivalent E1 was 51.02% and that for overall equivalent E2 
was 82.66% in MBR C. It is clear that the overall equivalent E2, including free and 
potential E2, was more easily to be removed than overall equivalent E1. The term of 
overall equivalent E1/E2 represents both free E1/E2 and potential E1/E2 in the water. 
Regarding natural estrogens elimination, the wastewater treatment plants should increase 
the removal efficiency of overall equivalent E1/E2, rather than that of free natural 
estrogens, in order to reduce the negative effects of estrogens on the environment. 
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Table 4.2: Concentrations and Removal Efficiency of Natural Estrogens and Conjugates in MBR Systems 
Compounds E1 E2 E1-3G E1-3S E2-G (3G+17G) E2-3S E2-3,17S 
Influent 
(ng/L) 










































































(17.25) ND ND 
Removal 
(%) 
Pilot-A 80.3 63.1 84.9 38.3 80.4 85.2 100 
Pilot-B 82.3 62.9 77.0 48.3 73.5 91.1 100 
Pilot-C 80.2 49.3 62.4 10.1 73.9 80.2 100 
Lab-17d 84.0 60.0 81.2 21.5 55.1 84.5 - 
Lab-33d 91.4 66.5 83.5 32.2 67.2 100 - 
 
ND: not detected;    the value in bracket: median value.  
When calculating the removal efficiency, the concentration of an undetected given analyte was set arbitrarily to zero. 
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Table 4.3: Removal of Overall Equivalent E1 and E2 in MBR Systems         
(Calculated with Median Value) 
MBR A 
Equivalent E1 (ng/L) Equivalent E2 (ng/L) 
Influent Effluent Influent Effluent 
E1 27.81 4.24 - - 
E1-3G 14.96 4.00 -  
E1-3S 23.03 11.81 - - 
E2 - - ND ND 
E2-G - - 55.92 10.97 
E2-3S - - 9.30 ND 
E2-3,17S - - 19.03 ND 
E2-3G17S - - ND ND 
Overall 65.80 20.05 84.25 10.97 
Removal (%) 69.53 86.98 
 
MBR B 
Equivalent E1 (ng/L) Equivalent E2 (ng/L) 
Influent Effluent Influent Effluent 
E1 27.81 3.25 - - 
E1-3G 14.96 4.88 -  
E1-3S 23.03 12.66 - - 
E2 - - ND ND 
E2-G - - 55.92 16.40 
E2-3S - - 9.30 ND 
E2-3,17S - - 19.03 ND 
E2-3G17S - - ND ND 
Overall 65.80 20.79 84.25 16.40 
Removal (%) 68.40 80.53 
 




Equivalent E1 (ng/L) Equivalent E2 (ng/L) 
Influent Effluent Influent Effluent 
E1 27.81 4.51 - - 
E1-3G 14.96 9.87 -  
E1-3S 23.03 17.85 - - 
E2 - - ND ND 
E2-G - - 55.92 14.61 
E2-3S - - 9.30 ND 
E2-3,17S - - 19.03 ND 
E2-3G17S - - ND ND 
Overall 65.80 32.23 84.25 14.61 
Removal (%) 51.02 82.66 
 
ND: not detected 
When calculating the removal efficiency, the concentration of an undetected given analyte was 
set arbitrarily to zero 
 
Estrogens and their conjugates can be adsorbed to MLSS before appreciable degradation 
occurs. However, the levels of adsorbed E2, EE2 and E2-3G17S were under the detection 
limit, because their concentrations in the influent of MBRs were too low. The levels of 
adsorbed E1-3G, E2-G and E2-3,17S were also under detection limit, indicating that 
estrogen glucuronides and E2 di-sulfate are more hydrophilic than estrogen mono-sulfate. 
The level of adsorbed E1, shown in Table 4.4, was up to 10.42 µg/kg d.m. This is 
relatively low compared with that in literature, wich up to 37 µg/kg d.m. (Ternes et al., 
2002) of adsorbed E1 was detected. It may be due to the high MLSS in MBR and 
relatively short HRT, so that the maximum possible adsorption capacity might not have 
been reached. Table 4.4 shows that the concentrations of the adsorbed estrogen mono-
sulfates and E1-3S were higher than that of the absorbed E2-3S in the MBR systems. 
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Although natural estrogen sulfates are relatively hydrophilic, the adsorbed amounts were 
comparable to that of E1. A number of mechanisms including anion and ligand exchange, 
sludge cation bonding except for physical adsorption could be considered to describe the 
adsorption of estrogen sulfates.  
Table 4.4: Amount of Natural Estrogens and Conjugates Adsorbed to Sludge in 
MBR Systems 
 
ND: not detected    
The value in bracket: median value  
 
4.3.2.2 Fate of Alkylphenols 
The concentrations of alkylphenols such as BPA and 4-NP in the MBRs and the 
adsorption of BPA and 4-NP onto sludge in aerobic and anoxic tanks are shown in Table 
4. The concentration of influent BPA ranged from 0.01 to 2.05 µg/L for pilot-scale 
MBRs, and up to 1.20 µg/L for lab-scale MBRs. As for 4-NP, the influent concentration 
Compounds E1 E1-3S E2-3S 
Anoxic 
(µg/kg d.m.) 
Pilot-A ND-9.70 (6.80) ND-11.91 (3.44) ND-0.31 (0.22) 
Pilot-B ND-6.40 (5.64) ND-14.68 (4.36) ND-1.92 (0.97) 
Pilot-C ND-8.11 (5.62) ND-11.21 (3.48) ND-0.23 (0.16) 
Lab-17d ND-7.66 (4.98) ND-2.48 (1.11) ND-0.28 (0.12) 
Lab-33d ND-8.40 (7.38) ND-5.78 (2.35) ND-1.22 (0.42) 
Aerobic 
(µg/kg d.m.) 
Pilot-A ND-2.04 (1.40) ND-6.21 (4.52) ND-0.75 (0.38) 
Pilot-B ND-3.73 (1.56) ND-18.36 (5.16) ND-2.52 (1.13) 
Pilot-C ND-4.42 (2.24) ND-8.21 (4.84) ND-0.34 (0.18) 
Lab-17d ND-2.42 (1.22) ND-5.32 (2.77) ND-0.22 (0.12) 
Lab-33d ND-10.42 (7.98) ND-10.96 (6.21) ND-1.96 (0.82) 
Chapter Four: Results and Discussions 
123 
 
was up to 0.21 µg/L for pilot-scale MBRs and up to 9.07 µg/L for lab-scale MBRs. They 
were comparable to the influent concentrations reported by Körner et al. (2000) and Bolz 
et al. (2001). Also, the effluent concentrations of both BPA and 4-NP were comparable to 
the findings in literature (Blackburn et al., 1995; Rudel et al., 1998), where the effluent 
concentration of 4-NP was reported to range from <1 to 330 µg/L, and the effluent 
concentration of BPA was reported to be <1 µg/L.  
As shown in Table 4.3, it was noted that 4-NP concentration in effluents were amplified 
in almost all MBR systems, as compared with that of influents. This indicates that 4-NP 
was produced in the MBR systems. Xia et al. (2001) suggested that it could be due to a 
rapid anaerobic transformation of its parent compounds, NPnEOs, to 4-NP in the sanitary 
sewer due to the low dissolved oxygen levels in raw municipal wastewaters. Therefore, 
the formation of 4-NP in this study was probably caused by the conversion of NPnEOs to 
4-NP in the anoxic tank, since the cleaving rate of NPnEOs was faster than the adsorption 
and degradation rate of 4-NP in the MBR systems. In addition, anthropogenic or synthetic 
compounds, i.e. 4-NP, are recalcitrant due to the fact that microorganism lack the 
necessary enzymes required for transformation.  
Zhang et al. (2008) reported biotransformation of NPEOs during continuous aerobic 
treatment of sewage spiked with 23 µM/L technical NPEOs over a period of 90 d. 
Immediate degradation of NPEOs was observed under aerobic conditions, indicating that 
the enzymes and bacteria required for NPEO degradation existed abundantly in aerobic 
sludge. It achieved high removal (> 92%) of the spiked NPEO9 mixture. LC-MS analysis 
showed that short-chain NPEOs (NPEO1-NPEO3) accumulated in aerobic effluents 
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(1.62-2.03 µM/L), with nonylphenoxy carboxylates (NPECs) (2.79-3.30 µM/L) as 
another group of metabolites in the aerobic effluent. Significant accumulation of NP in 
the anaerobic sludge and NPEO1-3 in the sludge of two reactors was observed. The 
results indicated these metabolites in the conventional treatment processes. These 
metabolites might easily be transformed to NP in the activated sludge process. 
Table 4.5: Concentrations and Removal Efficiencies of Alkylphenols in the MBR 
Systems 
Compounds BPA 4-NP 
Influent 
(µg/L) 
Pilot 0.01-2.05 (0.18) ND-1.21 (0.16) 
Lab ND-1.20 (0.15) ND-9.07 (0.41) 
Effluent 
(µg/L) 
Pilot-A ND-0.16 (0.05) 0.002-4.34 (0.64) 
Pilot-B ND-0.60 (0.07) 0.01-5.93 (0.42) 
Pilot-C ND-0.07 (0.04) 0.07-6.70 (0.72) 
Lab-17d ND-0.25 (0.03) ND-1.88 (1.12) 
Lab-33d ND-0.14 (ND) ND-2.12 (1.41) 
Removal 
(%) 
Pilot-A 73.7 -417.6 
Pilot-B 68.9 -161.1 
Pilot-C 77.9 -439.5 
Lab-17d 82.2 -269.3 
Lab-33d 90.1 -313.4 
Anoxic 
(µg/kg d.m.) 
Pilot-A 0.47-14,460 (2,070) 7245-13,600 (10,220) 
Pilot-B 0.55-34,350 (2,620) ND-4,610 (3,010) 
Pilot-C 0.01-8,480 (4,250) ND-4,600 (3,627) 
Lab-17d 1.04-8,460 (1,570) ND-6,660(2,800) 
Lab-33d 1.47-10,560 (2,080) ND-11,400 (4,000) 
Aerobic 
(µg/kg d.m.) 
Pilot-A 2.24-1,820 (353.38) 3020-15,630 (13,380) 
Pilot-B 0.89-2,000 (221.13) 278.15-68,800 (16,960) 
Pilot-C 0.03-1,360 (273.22) 290.16-56,700 (10,490) 
Lab-17d ND-1,190 (157.23) ND-9,300 (5,160) 
Lab-33d ND-1,250 (189.19) 134.02-18,130 (10,060) 
 
ND: not detected 
The value in bracket: median value 
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For BPA, its removal was as good as that in STPs, which was 70-94%, reported by Bolz 
et al. (2001). As shown in Table 4.5, the adsorbed BPA was up to 34,350 µg/kg d.m., 
which was comparable to the adsorbed BPA of 33 to 36,700 µg/kg d.m. reported in 
Canada (Lee & Peart, 2000) and up to 32,100 µg/kg d.m. reported in Germany (Gehring 
et al., 2003). However, the maximum level of 68,800 µg/kg d.m. 4-NP adsorbed to sludge 
detected in MBRs in this study was relatively low compared with that reported in 
references (up to 560,000 µg/kg d.m. of 4-NP in all kinds of sewage sludge in Germany, 
Gehring et al., 2003), and an average dry weight basis concentration of 130,000 µg/kg 
d.m of 4-NP in Kansas (Xia et al., 2001). The inconsistency might be caused by the high 
MLSS and short HRT in MBR plants. It can also be seen that generally the amount of 4-
NP adsorbed onto the sludge solids was more than that of BPA adsorbed onto the sludge 
solids. This is due to the fact that 4-NP has a higher log Kow and lower aqueous solubility, 
so 4-NP is more likely to be adsorbed onto sludge solids. 
4.3.3 Mass Balance Analysis 
Mass balance analyses on the pilot-scale and lab-scale MBR systems were conducted to 
provide a clearer picture of the fate and behavior of the EDCs in different locations in the 
MBR systems. Mass of Estrogens in liquid phase, including liquid in sludge, effluent and 
influent, was performed by multiplying EDC concentrations by average daily volume 
flux. EDC mass in the solid phase of activated sludge samples was calculated by the daily 
dry sludge production (average daily volume flux multiplying by dry matter content of 
sludge) multiplying by the tested EDC concentrations in dried sludge. 
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In order to calculate mass balances for different MBRs, the activated sludge 
concentration in aerobic tank, sludge recirculation pipes and excess sludge were regarded 
as the same. To simplify the analysis, only the overall estrogenicity mass flow of pilot-
scale and lab-scale MBR systems is shown in Figure 4.5 and Figure 4.6.  
4.3.3.1. Pilot-Scale MBR Systems 
Mass balance of overall estrogenicity for pilot-scale MBRs was established. Through this 
input-output mass balance flux of estrogens in every tank, the formation or elimination of 
EDCs in anoxic and aerobic tanks could be attained. The mass balance analyses were 
based on the YES values for a particular batch samples (collected on 12 October 2004). 
For the mass balance of overall estrogenicity measured by YES assay, it therefore serves 
only as a rough estimation. 
The positive value highlighted indicated that estrogens were eliminated in tanks, vice 
versa, the negative value highlighted pointed that the estrogens were formed. It was noted 
that estrogens could be either formed or eliminated by microorganisms in anoxic and 
aerobic tanks. This might be because the degradation, adsorption and de-conjugation 
could take place at the same time in any tank. In a word, whether EDCs being formed or 
degraded in any tank would finally depend on that biodegradation plus adsorption or de-
conjugation takes the dominating role. However, it is clear that formation of estrogens 
due to de-conjugation would be the key for negative estrogens removal in tanks. 
 
 

























Figure 4.5: Mass Balance Analysis of Pilot-Scale MBR Systems for Overall 
Estrogenicity 
As shown in Figure 4.5, formation of estrogenicity in MBR B was in its anoxic tank, 
while MBR C was in its aerobic tank, but none in MBR A. The elimination of 
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estrogenicity was observed in the aerobic tank of MBR B, anoxic tank of MBR C and in 
both anoxic and aerobic tanks for MBR A. In addition, MBR B also carried the highest 
estrogenicity in its recirculation sludge from aerobic to anoxic tank, followed by MBR C 
and then MBR A. The amount of estrogenicity passed from anoxic to aerobic tank was 
again highest in MBR B, while MBRs A and C gave the similar amount. Overall 
estrogenicity in anoxic and aerobic sludge increased following the sequence of: A < C < 
B.  
The overall estrogenicity removal sequence observed were B > A > C in this batch. It 
may be caused by MBR B’s relatively low recirculation flow ratio (2-4:1), which led to 
low oxygen but high supply of carbon source in the anoxic tank because of low dilution 
of influent by recirculated sludge. Under the food-stress environment, microbes were 
degrading the estrogens (mainly the natural estrogens in the influent stream) concurrently 
in the same tank via co-metabolism, while sustaining themselves with the limited carbon 
source, which was used initially in the cleavage of EDCs. The lack of sufficient carbon 
source in other MBR pilot plants led to the lower estrogenicity removal. This is probably 
due to the higher carbon source available in the raw sewage than in the primary treated 
effluent. The other possible reason is that MBR B had only two tanks, because the 
membrane tank and aeration was combined into one, while the others had three tanks. 
The aeration procedure in the combined aerobic tank may be propitious to the 
degradation of EDCs. 
The amount of overall estrogenicity in the wasted sludge was highest in MBR B, but at 
similar amount in MBR A and C. The mass of overall estrogenicity in the excess sludge 
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(A: 0.0017 mg E2-Eq/d; B: 0.005 mg E2-Eq/d; C: 0.0017 mg E2-Eq/d) could be 
neglected compared to their mass in the influent (0.7 mg E2-Eq/d) and effluent (A: 0.4 
mg E2-Eq/d; B: 0.2 mg E2-Eq/d; C: 0.44 mg E2-Eq/d) due to the relatively long SRT of 
MBRs. Thus, it seemed that the elimination of overall estrogenicity was mainly attributed 
to the bacterial metabolism and physical binding to biomass in MBRs. 
4.3.3.2. Lab-scale MBR Systems 
For the lab-scale MBR systems, mass balance analyses are demonstrated for the samples 
collected on 18 January 2005. As shown in Figure 4.6, formation of estrogenicity 
occurred in the anoxic tank for both SRT 33d and SRT 17d MBRs. The elimination of 
overall estrogenicity was observed in the aerobic tank of both MBRs. The same tendancy 
of formation in the anoxic tank, but elimination of overall estrogenicity in the aerobic 
tank was also observed in pilot-scale MBR B, because lab-scale MBR systems and MBR 
B were similar with respect to system design and operational parameters. 
SRT 17d MBR had the higher concentration of estrogenicity than SRT 33d MBR in the 
waste sludge. In addition, SRT 33d MBR also carried the higher estrogenicity in its 
recirculation sludge from aerobic to anoxic tank. The amount of estrogenicity passed 
from anoxic to aerobic tank was again higher in SRT 33d MBR. Estrogenicity 
concentrations in anoxic and aerobic sludge increased following the sequence of: SRT 
33d MBR < SRT 17d MBR. The estrogenicity removals sequence observed was SRT 33d 
MBR > SRT 17d MBR. 





















Figure 4.6: Mass Balance Analysis of Lab-Scale MBR Systems for Overall 
Estrogenicity 
 
4.3.4 Comparison of Bioassay and Chemical Analysis 
The successful proof of the additive behaviors of the estrogenic activity of single 
substances in mixtures (Körner et al., 2000) allows the application of the 17ß-estradiol 
equivalency factors (EEF) concept to environmental samples. Metcalfe et al. (2001) also 
reported the response of test chemicals relative to E2 in the YES assay at which each 
chemical induced a response equal to 20% of the maximum response observed in tests 
with E2. The YES assay was thus used to establish EEF for environmental estrogens to 
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rank their estrogenic potency relative to the natural hormone E2. The concentration of 
each estrogenic compound detected in a certain sample was multiplied with its EEF 
determined in previous YES assay experiments (Metcalfe et al., 2001), resulting in an 
EEQ-E2 for the particular chemical. After addition of the single EEQ values, the sum was 
compared with the EEQ value determined by testing of the sewage extract in the YES 
assay. The estrogens in the influent and effluent samples for MBR systems collected on 
12 October, 2004 were shown in Table 4.5, for comparison of bioassay and chemical 
analysis. It was noted that the calculated overall estrogenic activity confirmed the YES 
assay result that the estrogenicity decreased after the treatment by MBR systems. 
Comparing YES assay and chemical analysis, it was noted that there were some 
differences between the overall estrogenicity assayed by the yeast and the theoretical 
estrogenicity, after addition of the single EEQ values. As a result, it implied that 
unstudied estrogen-like substances, e.g. PAHs and PCBs, or antagonists might exist in the 
liquid and solid samples, which may affect the assessment of estrogenicity. In addition, 
some studied estrogens were found below limit of detection does not mean that they did 
not exit in samples. Nevertheless, most of the measured and calculated EEQ are of the 
same order of magnitude, indicating that the analyzed estrogens in the samples are the 
main contributors to the total estrogenic activity assessed with the YES assay.  
Céspedes et al. (2004) also determined endocrine-disrupting activity in surface water and 
sediments by use of the YES assay and chemical analysis by LC-ESI-MS. They found 
that YES produced a quantitative measurement of EDC irrespective of the identity of the 
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chemical responsible for the activity, and good correlation was established between 
chemical and estrogenic effects for surface water and sediment samples. 
Table 4.5: Estrogen Concentrations in the Influent and Effluent Samples with the 
Calculated EEQ-E2 Determined by Multiplying the Concentration with 
the E2 Equivalency Factor (Relative Estrogenic Potency) for Each 
Compound and Addition of the Single EEQ-E2 Value and Measured 




4.4 Removal of EDCs by Lab-scale MBR System 
Among the many factors affecting treatment performance, SRT is especially important 
relative to the characteristics of the sludge produced (Stansel & Shell, 1974), and it is 
known to be the key parameter affecting biochemical and physical properties of sludge. 
In addition, Jügen et al. (1999) reported that an anaerobic zone would biodegrade less 
EDCs than a plant that is completely aerobic, because EDCs are more persistent under 








MBR A MBR B MBR C 
E1 0.14 27.00 6.87 5.12 7.21 
E2 1.00 3.58 2.06 <LOD 2.83 
EE2 0.38 <LOD <LOD <LOD <LOD 
BPA 3.70E-05 10.40 1.57 7.01 <LOD 
NP 8.90E-05 39.30 33.10 14.50 77.3 
Calculated overall 
estrogenicity ( EEQ-E2) 
7.36 3.03 0.72 3.85 
Measured overall 
estrogenicity ( EEQ-E2) 
3.05 1.26 0.75 1.39 
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Therefore, the objectives of this lab-scale study were to study the influence of SRT and 
anoxic zone on the removal of natural estrogens and their conjugates. The experimental 
results would provide valuable information for further optimization of operating 
conditions as well as design parameters of a MBR to increase EDC removal and reduce 
operating costs. 
4.4.1 Overall Performance of MBRs  
The experimental results presented in this thesis were based on data obtained after all the 
MBRs had been operated and monitored for 3 SRT period, before which the seeded MBR 
was conditioned for 1.5 months. An operating period of about 45 d would allow the 
seeded activated sludge to acclimatize to the new living environment. 3 SRT period 
would provide suﬃcient time for the biomass to accumulate inside the MBR and 
approach a steady-state level for each SRT investigated.    
The COD removal efficiencies were above 97% for MBR under all SRTs, as shown in 
Table 4.6. This high removal efficiency implies that in the MBR system, organic matter 
can be degraded with high efficiency, because of high concentration of biomass. This 
overall organic degradation efficiency was attributed by the biological degradation and 
membrane filtration. The membrane filtration played a significant role in maintaining 
high and stable organic removal efficiency. These results for COD removal were better 
than removal efficiencies that obtained from other systems such as activated sludge and 
SBR. For example, COD removal efficiency in SBR process was reported by Mahvi et al., 
(2008) to be 94% under the best condition. 
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The mean TN removal efficiencies were in the range of 63.2-75.5%, whereas there was 
almost complete removal of NH4+-N after the MBR systems, as shown in Table 4.6. The 
remaining TN was constituted mainly by NO3--N (16.4-24.5 mg/L) and NO2--N (ND-1.46 
mg/L) in the effluent. It is clear that nitrate was always found as residual nitrogen species, 
but nitrite did not appear most of the cases.  






The overall performance of MBRs in this study was comparable to that reported by 
Ahmed et al. (2007). Their COD removal efficiencies were above 98% in all four MBRs 
whereas TN removal efficiencies were in the range of 59–63%, respectively. Zhu et al. 
(2007) also reported a mean removal efficiency of COD of more than 95% with the 
influent concentration of 120~900 mg/L COD, and TN and NH4+-N removal efficiencies 
of more than 85%. 
Removal 
(%) 
COD TN NH4+-N 
SRT 15d (A-O) 97.2±2.7 75.5±3.2 99.8±1.1 
SRT 15d (O) 98.5±2.2 65.2±3.5 99.5±0.8 
SRT 30d 98.1±2.5 63.2±2.9 99.4±1.2 
SRT 45d 99.1±1.9 66.2±4.5 99.8±1.5 
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4.4.2 Physicochemical and Biological Characteristics of Activated sludge  
4.4.2.1 Biomass Concentration  
As expected, the MLSS and MLVSS concentrations increased with increasing SRT due 
to smaller quantity of biomass being wasted from the MBR, as shown in Figure 4.7. This 
result was in accordance with Lee et al. (2003), who found that MLSS increased from 2.8, 
4.4, to 5.5 g/L, as SRT was increased from 20, 40, to 60 d in MBRs. This result was also 
agreed with Ng et al. (2005), who suggested that the MLSS and MLVSS concentrations 
were lower at shorter SRT values in MBRs. More recently, Ahmed et al. (2007)  found 
that MLSS increased from 5183, 7461, 7742, to 9996 mg/L, and MLVSS increased from 
4597, 6269, 6326 to 8356 mg/L, as SRT increased from 20, 40, 60 to 100 d. In addition, 
the average biomass concentrations were lower in A-O MBR system compared to that in 
fully aerobic MBR with the same SRT of 15d and HRT of 6 h.  
In order to assess the impact of SRT on biodegradation, it is important to understand the 
interactions between key parameters such as F/M ratio and MLSS concentration. The 
F/M ratio (kg BOD5 per kg MLSS per day) represents the ratio of the COD loading to the 
MLSS concentration. A specific F/M ratio can be obtained by changing the SRT, and 
hence, MLSS concentration in the system. Because the COD concentration in the feed 
water was constant (600 mg/L), the F/M ratio was higher at a shorter SRT, but it 
decreased as SRT increased. Low F/M ratio led to competition among the 
microorganisms and resulted in reduction of the net sludge production. 






















Figure 4.7: Variation of MLSS and MLVSS in Lab-Scale MBRs with SRT 
4.4.2.2 EPS  
EPSs are macromolecular compounds that are found in the intercellular spaces of 
microbial aggregates. EPSs are identified as the major components of the activated sludge 
floc matrix. The mechanism of the biological flocculation is interpreted as a result of the 
interaction of those polymers that have sufficiently accumulated at the microbial surface 
during endogenous growth. The EPSs present a dominant bridging mechanism between 
the floc components, namely cellular, bio-organic, and inorganic compounds. The 
chemical composition of EPS matrix is reported to be very heterogeneous. According to 
Goodwin and Forster (1985), carbohydrates and protein are usually found as the major 
EPS components. 
 
15d (A-O)               15d (O)                    30d                        45d 
Chapter Four: Results and Discussions 
137 
 
EPSs of sludge would adsorb inorganic and organic compounds in the MBR system, due 
to its hydrophobicity and condensed gel characteristics. Therefore, it was distinctly 
correlative with adsorption capability of biomass for EDCs. The mechanism of 
adsorption of EDCs to sludge was biological flocculation function (Zhou et al., 2004). It 
is also noted that the amount and characteristic of EPS depend on bacterial activities, 
which is linked to bacteria species (attached or suspended growth), feed water quality and 
SRT.  
Total EPS content in sludge did not affect hydrophobicity and surface charge of sludge 
(Urbain et al., 1992). Liao et al. (2001) studied the influence of SRT on the extracellular 
polymeric substances using lab-scale sequencing batch reactors. The results demonstrated 
that EPS concentration was independent of the SRT. Therefore, total EPS concentration 
was not a concern in this study. 
Protein had a positive influence, because amono acids at hydrophobic side groups 
contributed significantly to the hydrophobicity of microbial floc (Jorand et al., 1994), 
while carbohydrate had no remarkable influence on the hydrophobicity (Lee et al.,2003). 
Protein/carbohydrate (P/C) ratio affected on hydrophobic and surface charge value, and 
the high P/C value could increase the adsorption ability of biomass.  




Figure 4.8: EPS of Activated Sludge in MBRs 
Figure 4.8 shows the P/C ratio in MBR with change of SRT. It is clear that protein was 
less than carbohydrate in both MBRs at SRT of 30 and 45 d, which were 0.90 and 0.79 
(mean value). Forster and Clarke (1983), Horan and Eccles (1986) and Morgan et al. 
(1990) also found more carbohydrate than protein in activated sludge, with P/C ranged 
from 0.16 to 0.70. However, protein was more than carbohydrate in both A-O and entire 
aerobic MBRs at SRT of 15 d, which were 1.33 and 3.01 (mean value). They were 
comparable to the P/C of 4.2±1.2 at SRTs of 16 and 20 d reported by Liao et al. (2001). 
It is obvious that P/C increased with the decrease of SRT, which is comparable with the 
study of Liao et al. (2001). They reported that P/C ratio decreased from 5.0±1.6 to 
4.2±1.2 with SRT increased from 12 to 16 d and 20 d. Because of the higher protein 
concentration and P/C, biomass of MBR operated under SRT 15 d had higher adsorption 
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EPS. Also, it is clear that P/C ratio in entire aerobic MBR was higher than that in A-O 
MBR system. 
4.4.2.3 Floc Size 
As shown in Table 4.7, the longer the SRT, the larger the mean effective diameter of 
sludge flocs in MBR, which indicated that floc size increased with increasing SRT, and 
hence surface area of floc decreased with the increase of SRT. This is in agreement with 
similar results reported by Andreadakis (1993) and Halalsheh et al. (2005). Ahmed et al. 
(2007) also found the measured particle size distribution had a narrow distribution within 
a diameter range of 1-4 µm at SRT of 20, 40, 60 and 100 d. The population of fine 
particles (order of 1 µm) was relatively higher at a short SRT of 20 d. However, the 
difference between A-O and entire aerobic MBR on particle size was not obvious. 
Table 4.7: Mean Particle Size of Sludge Flocs 
Particle size MBR 15d (A-O) MBR 15d (O) MBR 30d MBR 45d 
Effective Diameter 
(µm) 1.24 1.41 4.12 6.82 
The floc size is inversely proportional to the magnitude of the hydraulic stress and the 
operation (Defrance and Jaffrin, 1999). In MBR reactors, the aeration flow rate was 
similar, which might lead to higher hydraulic stress on microbial floc under lower SRT 
condition with lower sludge concentration. Therefore, smaller biomass particles in short 
SRT tank had a greater ratio of surface area to volume, making them more 'accessible' to 
diffusion from solution and increased the specific surface and improved the adsorption 
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capacity. So adsorption ability of sludge in MBR SRT 15d was better than MBR of SRTs 
45d and 30d with respect to particle size and surface area of activated sludge. 
4.4.2.4 Surface Charge of Sludge 
The surface charge was less negatively charged from 1.28 to 0.78 meq./g VSS with the 
increase of SRT from 15 to 45 d, as shown in Figure 4.7. This result was in accordance 
with Liao et al. (2001), who found that the surface charge of activated sludge was 
affected by the SRT, and sludge surfaces at longer SRTs (16 and 20 d) were less 
negatively charged than those at shorter SRTs (4 and 9 d). Lee et al. (2003) also reported 
that surface charge of microbial floc decreased negatively from -0.66±0.07 to -0.58±0.04 
and -0.43±0.04 meq./g VSS, as SRT was increased from 20, 40 to 60 d. Additionally, the 
anoxic zone made the sludge more negatively charged, shown in Figure 4.9. 
 
Figure 4.9: Surface Charge of Sludge in MBRs  
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The increase of the negative sludge surface charge with the decrease of SRT may be 
attributed to the floc fragmentation which would increase the sludge surface area per 
gram of sludge and decrease of particle size, discussed in Section 4.4.1.3, thereby 
increasing the negative sludge surface charge per mass of sludge (Mikkelsen, 2003). In 
another study, floc fragmentation exposing more negatively charged surface explained 
the extra consumption of cationic polymer once charge neutralization achieved and 
sludge fragmentation occured due to increased shear stress (Dentel et al., 2000). In this 
case, increased sludge surface charge was a consequence of deflocculation, when SRT 
was deceased. 
Therefore, it is believed that the adsorption ability of sludge in MBR SRT 45d was better 
than that in MBR SRT 30d and 15d with respect to surface charge. Also, the anoxic zone 
would decrease the adsorbed amounts of EDCs and conjugates on sludge. 
4.4.2.5 Hydrophobicity of Sludge 
The contact angle was higher with the increase of SRT, as shown in Figure 4.10, which 
indicates that the sludge was more hydrophobic with SRT 45d than that with SRT 30d 
and 15d, which confirmed that the adsorption ability of MBR 45d was higher than that of 
MBR of 15d and 30d for most concerned compounds. Lee et al. (2003) also reported that 
contact angle of microbial floc increased from 34.4±3.4º to 40.6±2.6º and 44.4±3.0º, 
when SRT increased from 20 to 40 d and 60 d. As shown in Figure 4.8, it is also clear 
that the anoxic zone could increase the contact angle, and hence the hydrophobicity of 
activated sludge. 




Figure 4.10: Contact Angle of Sludge in MBRs  
4.4.2.6 OUR and SOUR of Sludge 
Figure 4.11 shows the OUR and SOUR in MBRs. It is clear that the biomass in MBR 
with longer SRT was slight older than that in MBR with shorter SRT according to SOUR 
value. Lee et al. (2003) also reported that longer sludge age led to decreased microbial 
activity in the MBRs, and they found SOUR decreased from 14.6 to 12.4 and 11.7 mg 
O2/g MLVSS h-1 when SRT was increased from 20 to 40 d and 60 d. Brindle and 
Stephenson (1996) also reported the same tendency. The SOUR values in this study were 
slightly lower than the above references. This is because the feed water used was 
synthetic wastewater. The increase in the SOUR with a decrease in the SRT might be due 
to the high feed concentration per unit mass of the MLSS. The abundant availability of 
feed could accelerate metabolism, which increased the rate of oxygen utilization. This 
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also might be explained by an impeded transfer rate of both substrate and oxygen 
according to an increase of the sludge viscosity at long SRT and accumulation of inert 
matter according to the endogenous respiration (Huang et al., 2001). As mentioned 
above, prolonged SRT gave rise to deteriorating effects on specific biomass activities. 
 
Figure 4.11: OUR and SOUR of Biomass in MBRs 
However, the OUR value of MBR with SRT 45d was the highest compared with that with 
SRT 15 and 30 d. This would suggest that the total bacterial activity in MBRs was 
directly proportional to MLVSS, indicating a higher degree of cell metabolisability and 
enzymolysis reaction. Then MBR with SRT of 45 d could have better biodegradation 
ability for EDCs according to OUR. 
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It is obvious that the anoxic zone could increase the OUR and SOUR values evidently, as 
shown in Figure 4.11. It indicated that denitrification-nitrification process could convert 
the biomass to be faster growing microorganisms, and the biomass became younger. Hu 
et al. (2005) also reported the highest specific oxygen uptake rate (SOURbenzoate, 0.026 g 
O2 h−1 g−1 XCOD) in the anoxic/aerobic SBR and it was the lowest in the aerobic SBR, 
which suggested that operating SBRs with alternative anoxic/aerobic cycles might 
facilitate the formation of granular sludge with good settleability, and retain comparable 
removal of nitrogen and synthetic organic compounds.  
4.4.2.7  Non-flocculating Microorganisms 
The non-flocculating microorganisms were described by the turbility values. As shown in 
Figure 4.12, it is obvious that as the SRT increased, the amount of non-flocculating 
microorganisms increased, as the amount of EPS per unit biomass decreased. With the 
decrease in the amount of EPS, microorganisms were not able to form biological flocs 
effectively, as EPS is one of the factors that cause effective bioflocculation. For an 
effective access to substrate, it is advantageous for microorganisms to grow in a dispersed 
form than a floc, so more non-flocculating microorganisms can have better 
biodegradation of EDCs. Furthermore, the anoxic zone could increase the non-
flocculating microorganisms in the MBRs. 





Figure 4.12: Non-flocculating Microorganisms in MBRs 
4.4.3 Influence of SRT on the Removal of EDCs and Conjugates 
Figure 4.13 shows the removal performance of natural estrogens and their conjugates by 
MBRs with different SRTs. E1-3G and E2-3G were easily eliminated under all SRTs and 
the mean removal efficiencies for estrogen glucuronides were more than 70%. However, 
for estrogen sulfates, the removal efficiency at SRT of 45 d was the highest, but the 
lowest was at SRT of 30 d. It indicated that the removal of estrogen sulfates benefited a 
lot from the biomass and hydrophobicity increase by the increase of SRT. Also, it is clear 
that estrogen glucuronides were easier to be degraded than E2 sulfates, as the degradation 
rate of estrogen glucuronides was faster than that of estrogen sulfates, as shown in 
Session 4.5.1.  The half-lives comparison of 6 h for estrogen glucuronides with 2.5 d for 
estrogen sulfates (D’ Ascenzo et al., 2003) also confirmed the same tendency. 
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Figure 4.13 also shows the removal performance of natural estrogens by MBRs with 
different SRTs.  SRT did not affect E2 removal much, as E2 could be formed when E2-
3S and E2-3G were degraded. Compared with E2, the removal of E1 was more 
complicated, as quite a large amount of E1 could be formed when E2, E1-3G, E2-3G, E1-
3S and E2-3S were degraded. For E1, MBR with SRT 15 d had the best performance on 
E1 removal, which may be mostly caused by three reasons. Firstly, compared with SRT 
45 d, less E1 could be formed by degradation of its parent compounds at SRT of 15 d. 
Secondly, shorter sludge age led to increased microbial activity in the MBRs (Lee et al., 
2003) and the sludge would be more active with higher SOUR and non-flocculating 
microorganisms. Brindle and Stephenson (1996) also reported that prolonged SRT could 
result in lower microbial activity, and thus formed E1 could be degraded more at SRT of 
15 d. Thirdly, the biomass had better specific adsorption ability at SRT 15 d caused by 
higher P/C, smaller particle size, and lower surface charge.  
 
































Figure 4.13: Removal Performance of EDCs and Their Conjugates by MBRs 
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It is obvious that MBR with SRT of 45 d had better performance compared with MBR 
with SRT of 30 d, partially due to the higher hydrophobicity and lower surface charge of 
sludge and higher amount of non-flocculating microorganisms in MBR. However, the 
highest biomass concentration might be the most important reason, because more bacteria 
could contribute to the degradation and adsorption and then to removal of EDCs. MBR 
with SRT of 30 d did not have any advantage over that with SRT of 15 and SRT 45 d, 
regarding microbial activity and biomass concentration. This is why the removal of all 
compounds under SRT of 30 d was the lowest. 
The specific removal was shown in Figure 4.14, in order to get rid of the influence of 
biomass concentration. It is clear that if the bacteria population factor was not accounted, 
the biomass in the MBR operated at SRT of 45 d did not get advantage to remove EDCs 
regarding its properties, compared with that in the MBR operated at SRT 30d. This is 
because SOUR of biomass decreased with the increase of SRT, and with lower SRT, the 
bacteria got more chance to biodegrade the studied compounds in reactors with less 
MLVSS.  
Though only a few researchers reported the relationship between SRT and removal of 
EDCs, unfortunately it appears that their results are quite contradictory.  Holbrook et al. 
(2002) reported a relationship between SRT and specific equivalent estradiol activity (µg 
E2-Eq/kg TSS) for facilities using secondary clarification. They found that, when 
SRT>14 days, E2-EEQ increased linearly with SRT. However, when SRT<14 d, E2-EEQ 
remained stable. However, more recently, Kreuzinger et al. (2004) reported that when 
SRT was shorter than a critical time, between 5 and 10 d, with increasing SRT, the 
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biological degradation of the micro pollutants increased, and when SRT was higher than 
this value, removal remained stable. The results obtained from this study are different 
from both references mentioned above that the removal efficiencies of E1 sulfates were 
the lowest at SRT of 30 d.  For E1, the removal efficiency was the highest at SRT of 15d, 
but lowest at SRT of 45 d. 
According to prior explanation, it seems that the conclusion obtained by Servos et al. 
(2005) is more reasonable, while they suggested that there were no statistical 
relationships between SRT and apparent removal of estrogens in the activated sludge 
plants. They indicated that the distribution and the fate of estrogens were very complex, 
and no clear patterns associated with the process or treatment.  
However, it has to be mentioned, that all the conclusions obtained by different studies 
depends on the SRT selected for investigation. The different founding in this study may 
be caused by the range of SRT selected. For example, Kreuzinger et al. (2004) got the 
above conclusion as the SRT ranged up to 300 d. If the removal efficiency of total 
estrogens (E1, E2, E3) at SRT of 15, 30 and 45 d were extracted from their reported 
results, it could be seen that the removal efficiencies were ranked as SRT 15 d>45 d>30 d, 
which is same as the E1 removal efficiency obtained in this study. Though Servos et al. 
(2005) claimed that there were no statistical relationships between SRT and apparent 
removal of estrogens, they still found that lagoons under the extremely long SRT (>35 d 
compared with 2.7 and 4.7 d) had consistently high removal of estrogens, because the 
difference between 35 and 2.7 d or 4.7 d is big enough to differenciate the removal 
efficiencies. Therefore, it seems that a clearer relationship between SRT and EDCs 
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removal could be obtained, if the extreme long and short SRT is applied and the interval 
between different SRTs studied is big enough.   
4.4.4 Influence of Anoxic Zone on the Removal of EDCs and Conjugates 
Figure 4.13 shows the removal performance of EDCs and EDC conjugates by MBRs 
under entire aeration and anoxic/aerobic (A-O) conditions. It is clear that the anoxic zone 
could decrease the removal efficiency for all the studied compounds, due to the lower 
biomass concentrations in A-O MBR and lower adsorption of A-O activated sludge. 
Jügen et al. (1999) reported that the one with an anaerobic zone would biodegrade less 
EDCs than the plant that was completely aerobic, because EDCs were more persistent 
under anaerobic conditions. However, the influence of anoxic zone has not been studied.  
The specific removal was shown in Figure 4.14, and it is clear that if the bacteria 
population factor was ignored, the MBR with anoxic zone could remove more E1, E1-3G 
and E2-3G, which are easily eliminated compounds. A-O was better than overall aerobic 
MBR in removal of EDCs, because of the higher SOUR and more non-flocculating 
microorganisms in A-O MBR, indicating the activated sludge was younger and more 
effective for biodegradation. However, anoxic zone decreased the specific removal for 
E1-3S and E2-3S, indicating that the de-nitrification bacteria were not effective to 
degrade estrogen sulfates. Anoxic zone also decreased the specific removal for E2, 
indicating that the degradation of E2 was slower than the formation of E2. Also, it was 
partly attributed to the lower adsorption ability of A-O activated sludge. 
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4.4.5 Further Batch Study for Confirmation of Lab-Scale MBR Performance  
Batch test was done using the biomass taken directly from the lab-scale MBRs operated 
under different SRTs. This batch study was divided into two parts. One was batch test for 
adsorption confirmation using sterilized biomass, and the other was batch test for removal 
confirmation using activated sludge. This batch study could also confirm some findings 
obtained from pilot-scale MBRs investigation. 
4.4.5.1 Batch Results for Adsorption Performance  
Compared Figure 4.15 with Figure 4.18, it can be seen that the removed amounts of E1 
and E2 by activated sludge were even lower than the adsorbed amounts of E1 and E2 to 
the dead biomass. It confirmed that E1 and E2 were metabolised products of their 
conjugates in the experimental period. Also, it is apparent that the quantity of E1 (the 
adsorbed amount in Figure 4.15 deducting the removed amount in Figure 4.18) was 
higher than the quantity of E2 (the adsorbed amount in Figure 4.15 deducting the 
removed amount in Figure 4.18), indicating that the formation of E1 may be higher than 
that of E2 in MBRs. 
No adsorption of E1-3G and E2-3G to sludge was observed, shown in Figure 4.16. This 
is because E1-3G and E2-3G are hydrophilic which also confirmed the pilot-scale MBR 
study result in Section 4.3. The adsorption of E1-3S and E2-3S to sludge was observed, 
shown in Figure 4.17, as they are less hydrophilic than E1-3G and E2-3G, which also 
confirmed the pilot-scale MBR study result. Desorption happened after 2 or 4 hours in the 
adsorption tests for estrogen sulfates. Also, as shown in Figure 4.15-4.17, it is clear that 
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at SRT 45d, the adsorption ability of biomass was the highest and hence the biggest 
amount of E1, E2, E1-3S and E2-3S were adsorbed at HRT 6h.  
This batch study also indicated that the anoxic zone decreased the adsorption of E1, E2, 
E1-3S and E2-3S. This could be mainly caused by the lower biomass concentration in A-
O MBR, though anxic zone could improve the hydrophobicity of activated sludge. 
Another reason could be the desorption of EDCs, after the biomass redox status was 
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Figure 4.15: Concentration of (a) E1 and (b) E2 in Water after Adsorption in MBRs 
Operated with Different SRTs 
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 Figure 4.16: Concentration of (a) E1-3G and (b) E2-3G in Water after Adsorption 
in MBRs Operated with Different SRTs 
 










































Figure 4.17: Concentration of (a) E1-3S and (b) E2-3S in Water after Adsorption to 
Sludge in MBRs Operated with Different SRT 
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4.4.5.2 Batch Results for Removal Performance  
As shown in Figure 4.18, the removal of E1 was 36, 50, 27 and 41%, and that of E2 was 
26, 42, 48 and 40% for MBRs operated with SRT 15d (A-O), 15, 30 and 45 d at HRT of 
6 h. They are comparable to the lab-scale MBR removal performance results, as shown in 
Figure 4.13. As shown in Figure 4.19, E1-3G and E2-3G was removed mostly at HRT 6h, 
which was comparable with the lab-scale MBR continuous experimental results, as 
shown in Figure 4.13. Also, it is noted that E2-3G was removed more easily than E1-3G 
in the first few hours, because E1-3G could be the metabolised product of E2-3G. After 4 
hours, E1-3G and E2-3G were mostly removed. It indicates that the HRT of 4 h was 
efficient for natural estrogens glucuronides removal. 
As shown in Figure 4.20, the removal of estrogen sulphates was slower than that of 
estrogen gluconides, which confirmed the results shown in Figure 4.13. The removal of 
E1-3S was slower than that of E2-3S. This is because E1-3S could be produced, when 
E2-3S was degraded by the activated sludge. E1-3S concentration even increased from 
the 3rd hour. It indicates that the HRT of 6 h is not efficient for removal of natural 
estrogens sulphates. 
This batch study confirmed the lab-scale MBR results that the the removal of E1 at SRT 
of 15 d had the best performance, but lowest at SRT of 45 d; SRT did not affect E2 
removal much at HRT 6 h; E1-3G and E2-3G were easily eliminated under all SRTs and 
the mean removal efficiencies for estrogen glucuronides were more than 70%; the 
removal efficiency at SRT of 45 d was the highest, but the lowest was at SRT of 30 d for 
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estrogen sulfates. It is also noted that anoxic zone decreased the removal efficiency of all 









































Figure 4.18: Removal of (a) E1 and (b) E2 by Sludge in MBRs Operated with 
Different SRT 
 










































Figure 4.19: Removal of (a) E1-3G and (b) E2-3G by Sludge in MBRs Operated 
with Different SRT 











































Figure 4.20: Removal of (a) E1-3S and (b) E2-3S by Sludge in MBRs Operated with 
Different SRT 
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4.5 Degradation and Adsorption of Estrogens and Conjugates by Batch 
Study 
4.5.1 Degradation of Estrogens and Conjugates by Activated Sludge 
In this degradation study, only E2 and its conjugates were considered. This is because E2 
is the most important estrogen, and E1 and its conjugates could be produced in the 
degradation process of E2 conjugates. 
4.5.1.1 Effect of Initial Concentration 
It is noted that most E2 vanished in the first 2 h, shown in Figures 4.21 (a) & 4.22 (a). 
Lee and Liu (2002) also reported that E2 was not a persistent compound and could be 
degraded by bacteria in activated sludge under aerobic condition, and biodegradation 
appeared to initiate at the hydroxyl group at C-17 (ring D) of the molecule, leading to the 
formation of the major metabolite E1, which was also detected in this study, shown in 
Figure 4.23 (a). Ternes et al. (1999), who studied the degradation behaviours of E2 using 
diluted sludge slurries (MLSS of 260 and 520 mg/L) from a German municipal STP, to 
which 1000 and 1 µg/L of E2 was spiked, respectively, found that the spiked E2 vanished 
by more than 95% within the initial 3 h. Their result was comparable to that of this study.  
As shown from Figures 4.21 (b) & 4.22 (b), after 4 h, E2-3G almost vanished, indicating 
that the micro-organisms in activated sludge had the enzymes to de-conjugate estrogen 
glucuronides. In order to investigate the release of E2 from E2-3G, Ternes et al. (1999) 
also studied the degradation of E2-3G in sludge slurries (MLSS of 260 and 520 mg/L) at 
initial concentration of 1.65 µg/L, and they found that E2-3G was cleaved immediately 
Chapter Four: Results and Discussions 
161 
 
by sludge solution, and most portion of E2-3G were cleaved after 20 h. The removal of 
E2-3G in this study seemed faster than that reported by Ternes et al. (1999). The 
difference may be caused by the bacteria population densities, types and activeness which 
were, in turn, affected by such parameters as the geographic location, operation condition 
and influent wastewater characteristics (including inorganic nutrients and organic 
substrates, etc.) of the sewage treatment plants (where mixed sludge liquors were 
sampled) (Li et al., 2005). As seen from Figures 4.21 (c) & 4.22 (c), the amount of E2-3S 
also decreased dramatically in the first 4 h, it is however obvious that the degradation rate 
of E2-3S was lower than that of the other E2 conjugate, E2-3G. The same tendency has 
been reported by D’ Ascenzo et al. (2003) before. Reported half-lives were 6 h for 
estrogen glucuronides and 2.5 d for estrogen sulfates.  After most E2-3S vanished, same 
as E2 and E2-3G, the biodegradation rate began to fall. 
The degradation rate depended on the initial concentration of the substrate. There existed 
a clear trend that the degradation rates of E2, E2-3G and E2-3S generally increased with 
the increase of initial concentration ranged from 10 to 400 µg/L, as shown from Figure 
4.21. It suggested that the higher initial substrate concentration had more stimulatory 
effect on the microorganisms in activated sludge. This could also be explained by the 
reason that the degradation intermediates of E2 or its conjugates did not compete for the 
degradation by relatively high biomass concentration (4 g/L) with studied compound 
itself, and the inhibitory effect was unnoticeable. The same tendency was also reported by 
Li et al. (2005), in which they used sludge (MLVSS of 1.75 g/L) to degrade E2 with 
initial concentration of 10, 30 and 50 µg/L. However, Ternes et al. (1999) reported that 
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the concentration of E2 and E2-3G in the ng/mL range were cleaved and eliminated faster 
than that in the experiments spiked with higher concentrations (µg/mL range). The 
difference may be caused by the low MLSS concentration (0.26 g/L) used in the study of 
Ternes et al. (1999), and hence, the more is the initial concentration of E2 or its 
conjugates added, the more is the degradation intermediates of E2 or its conjugates 




























































Figure 4.21: Degradation of E2 and its Conjugates (E2-3G and E2-3S) under 
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Table 4.8: Parameters of Michaelis-Menten Model for E2 and its Conjugates (E2-3G 
and E2-3S) under Different Initial Concentrations  
Compound Parameter 
Initial Concentration (µg L-1) 
200 100 50 10 
E2 
Km  
(µg L-1) 108.10 90.97 59.38 10.26 
Vm 
(µg L-1hr-1) 375.29 202.01 100.39 3.84 
Vm / Km 
(h-1) 3.47 2.22 1.69 0.37 
R2 0.985 0.981 0.983 0.985 
E2-3G 
Km  
(µg L-1) 149.59 113.11 96.02 10.34 
Vm 
(µg L-1hr-1) 317.7 170.13 99.98 3.50 
Vm / Km 
(hr-1) 2.12 1.51 1.04 0.34 
R2 0.997 0.992 0.956 0.915 
E2-3S 
Km  
(µg L-1) 139.38 97.36 50.40 10.02 
Vm 
(µg L-1hr-1) 113.16 61.19 26.12 3.14 
Vm / Km 
(hr-1) 0.82 0.63 0.52 0.31 
R2 0.995 0.998 0.999 0.999 
To describe the degradation rates of E2 and its conjugates at different initial 
concentrations, Michaelis-Menten kinetics was introduced, and the data fits the Model 
quite well (R2＞0.91). As shown in Table 4.8, Km increased with the increase of initial 
concentration, indicating a greater extent of binding between E2 and bacteria at lower 
initial concentration. This is because less E2 would have more chance to bind to constant 
biomass concentration. It is also clear that Vm increased with the increase of initial 
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concentration, verifying the observed fact. Vm / Km also increased with the increase of 
initial concentration, indicating that the bacteria in the activated sludge could utilize E2 
more efficiently at higher initial concentration. Overall, Michaelis-Menten Model seemed 
to describe successfully the depletion profile of E2 and its conjugates over a range of 
initial concentration from 10 to 200 µg/L. Li et al. (2005) used first-order model to 
describe the degradation rate of E2 at different initial concentration of 10, 30 and 50 µg/L. 
It is noted that the initial concentration range in this study was wider than that studied by 
Li et al. (2005). More narrow initial concentration range could make the first-order Model 
fit better. 
4.5.1.2 Effect of MLSS 
 
To investigate the effect of the biomass concentration on the biodegradation rate of E2 
and its conjugates, constant initial concentration of 50 µg/L but different MLSS 
concentration (4, 7 and 12.5 g/L) were used. It is noted that MLSS concentration has a 
great effect on the degradation rates of E2 and its conjugates, and that increased with the 
increase of MLSS concentration of activated sludge, shown in Figure 4.20. This might be 
caused by more micro-organisms and bacterial population in activated sludge at higher 
MLSS concentration that would carry out the degradation of E2 and its conjugates more 
effectively.  
The low concentration of E2 or its conjugate at µg/L range as the sole carbon source 
might also contribute to the increase of degradation rate with the increase of MLSS 
concentration. This is because carbon source did not reach the saturated status at all 
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MLSS concentrations. This study could be regarded as an extension of the study reported 
by Li et al. (2005), who found that the removal of E2 at ppb level depended markedly 
upon the levels of MLVSS concentration in aerobic biodegradation reactors at 1.75, 0.85 
and 0.435 g/L, which is relatively low compared with the values used in this study. The 
maximum MLSS concentration of 12.5 g/L tested in this study is common in membrane 
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Table 4.9: Parameters of Michaelis-Menten Model for E2 and its Conjugates (E2-3G 
and E2-3S) under Different MLSS Concentrations 
 
Compound Parameters MLSS (g L
-1) 
4 7 12.5 
E2 
Km 
(µg L-1) 59.38 56.31 49.77 
Vm 
(µg L-1hr-1) 100.39 104.41 135.89 
Vm / Km 
(hr-1) 1.69 1.86 2.73 
R2 0.983 0.998 0.998 
E2-3G 
Km 
(µg L-1) 96.02 108.10 92.07 
Vm 
(µg L-1hr-1) 141.1 317.70 382.70 
Vm / Km 
(hr-1) 1.47 2.94 4.16 
R2 0.956 0.985 0.941 
E2-3S 
Km 
(µg L-1) 50.40 61.17 62.36 
Vm 
(µg L-1hr-1) 26.12 36.60 57.02 
Vm / Km 
(hr-1) 0.52 0.69 0.91 
R2 0.999 0.962 0.955 
Michaelis-Menten Model could describe the degradation kinetics of E2 and its conjugates 
at all MLSS concentrations well (R2＞0.94), as shown in Table 4.9. Km of E2 and its 
conjugates almost kept constant with the change of MLSS concentration, indicating that 
the binding between them and bacteria was not affected by biomass concentration, as the 
sludge property was constant. It is also clear that Vm increased with the increase of MLSS 
concentration, due largely to the higher concentrations of extra- and intra-cellular 
enzymes in a sludge system, with the higher MLSS concentration. Vm / Km also increased 
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with the increase of MLSS concentration, indicating that the bacteria in the activated 
sludge could utilize the E2 and its conjugates more efficiently at higher MLSS 
concentration.  
From the constants of Vm and Vm/Km obtained from Michaelis-Menten Model at all initial 
concentrations, it seems that the order of degradation rates amongst E2 and conjugates 
was: E2> E2-3G> E2-3S. However, with the increase of MLSS concentration, the 
degradation rate of E2-3G increased and exceeded that of E2, which indicated that the 
degradation of E2-3G was very biomass concentration dependant. Additionally, the result 
that E2-3G was degraded faster than E2-3S is comparable to that from a previous pilot-
scale study reported by Hu et al. (2007).  
4.5.1.3 Metabolic Products 
The metabolic products of all compounds were detected. However, only E1, E2, E1-3S, 
E2-3S, E1-3G and E2-3G as metabolic products were concerned in this study. An 
example of metabolic products of E2, E2-3G and E2-3S at initial concentration of 50 
µg/L and MLSS of 4 g/L is demonstrated in Figures 4.23 (a), Figure 4.23 (b) and Figure 
4.23 (c), but only the degradation data in the first 8 h were shown, in order to show the 
degradation tendency clearer.  
As shown in Figures 4.25 (a), E1 was produced immediately when E2 was degraded at 
the beginning. This result was in accordance with Ternes et al. (1999), who reported that 
E2 was readily oxidized to E1 by municipal MLSS.  After that, E1 was further produced, 
when E2 and other metabolic products were further degraded during the whole process. 
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Figure 4.23: The Metabolised Products of E2-3G and E2-3S with Initial 
Concentration of 50 µg/L at MLSS of 4 g/L 
As shown in Figures 4.23 (b), it is noted that E2-3G would be degraded to E1-3G, E1 and 
E2. Ternes et al. (1999a) also reported that microorganisms in STPs seem to present the 
enzymes to deconjugate estrogen glucuronides and then make them hydrophobic and 
reactivated. It is noted from Figure 4.23 (b) that E1-3G and E2 were produced and 
degraded subsequently to the level of under detection limit within 4 hours, however E1 
existed even after 24 h (data not shown). It indicated that rather than E1, E2 and E1-3G, 
E2-3G could be degraded to other metabolic products, which could be further degraded to 
E1 in the whole process. In other study (Ternes et al., 1999a), the same tendency was also 
found that about 80% of 17β-estradiol glucoronide conjugates were detected as E2 and 
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E1 in environmental matrices after 20-30 h, and after 50 h, 10-20 % of the E1 was still 
not degraded. As shown in Figures 4.23 (c), E2-3S could be degraded to E1-3S, E1 and 
E2. From the degradation of E2-3S, it is noted that more E1-3S was produced than that of 
E2. 
4.5.2 Adsorption of Estrogens and Conjugates by Activated Sludge 
4.5.2.1 Adsorption of Natural Estrogens 
Adsorption model of Langmuir Isotherm and Freundlich Isotherm have been attempted to 
describe the adsorption of estrogens and their conjugates on sludge, but Langmuir model 
did not fit the result. Freundlich isotherm was chosen to describe the adsorption of 
estrogen and conjugates on sludge in this study, because it fitted the data best. 
Figure 4.24 shows the Freundlich Isotherms of E1 and E2 by the sterilized activated 
sludge, and Table 4.8 shows the effect of pH on isothermal constants of Freundlich 
Model. KF is a measure of the degree or strength of adsorption, while 1/n measures the 
adsorption intensity of E1 and E2 on the biomass and is used as an indication of whether 
adsorption remains constant (at 1/n = 1) or decreases with increasing adsorbate 
concentrations. For both E1 and E2, 1/n remained almost constant, but KF changed with 
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Figure 4.24: Adsorption Freundlich Isotherms of E1, E2, E1-3S and E2-3S by 
Inactivated Sludge 
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From Figure 4.24 and Table 4.10, it is clear that the adsorption capacity of E1, indicated 
by KF, was the lowest (KF=0.05 mg1-1/n (m3)1/n g TSS-1) at a pH of 11.5. The relative 
adsorption at initial concentration of 50 µg l-1, shown in Figure 4.25, also confirmed this 
adsorption tendency with pH change. This might be due to the fact that E1 was neutral at 
lower pH values, but it dissociated into its ionic form, lost its proton and became a 
negative species above pKa (10.4 for E1 and E2). Therefore it is difficult for them to 
form hydrogen bonds with the biomass functional groups. However, even at pH values 
higher than its pKa, hydrophobic adsorption can still occur in case it outweighs 
electrostatic repulsion (Shäfer et al., 2001).  
Table 4.10: Effect of pH on Isothermal Constants (KF［mg1-1/n (m3)1/n g TSS-1］and 
1/n) of Freundlich Model for the Investigated Substances 
pH 
E1 E2 E1-3S E2-3S 
KF 1/n R2 KF 1/n R2 KF 1/n R2 KF 1/n R2 
2 0.23 0.94 0.978 0.11 1.04 0.937 0.189 0.863 0.987 0.347 0.881 0.976 
5 0.26 1.08 0.978 0.22 0.96 0.985 0.032 0.857 0.988 0.064 0.830 0.981 
7 0.36 1.05 0.964 0.60 0.99 0.965 0.022 0.739 0.977 0.052 0.736 0.997 
9 0.29 0.92 0.969 0.26 0.95 0.977 0.032 0.810 0.983 0.056 0.807 0.983 
11.5 0.05 1.00 0.992 0.04 1.08 0.983 0.006 0.742 0.973 0.012 0.887 0.973 
 
 

















































































































Figure 4.25: Relative Adsorbed Amount (%) of E1, E2, E1-3S and E2-3S to 
Inactivated Sludge in Dependency on the pH at Initial Concentration of 
50 µg/L 
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It is also noted that the adsorption of E1 at neutral pH was the highest (KF=0.36 mg1-1/n 
(m3)1/n g TSS-1). Schäfer et al. (2001) also studied the adsorption of E1 on activated 
sludge as a function of pH. However, they found that this adsorption was the highest at 
pH 2, but kept constant from pH 3 to 12. The reason for the above different findings was 
not clear. The high adsorption at pH 2 was not seen in this study, but the adsorption at pH 
2 was slightly lower than that at pH 7. This might be attributed to the high concentration 
of E1 (10-400 µg/L) compared with that in the study of Schäfer et al. (2001) (5-500 ng/L). 
In other words, as activated sludge adsorbents were not in excess in this batch experiment, 
the lower adsorption at lower pH might be attributed to other cations including hydrogen 
ions in the buffer solution, this is because they might compete with E1 at the sorption 
sites, and result in the reduction or inhibition of the binding of E1.  
The binding of other cations to biomass could be observed from the positive surface 
charge of sterilized biomass at pH 2, shown in Figure 4.26. Normally, all activated sludge 
samples carried a net negative surface charge. This is mainly due to ionisation of 
functional groups such as carboxylic, sulphate and phosphate of the EPS (Sutherland, 
2001). However, the EPS, cell surfaces and inorganic particles in the sludge flocs have 
negatively charged groups with high affinities for cations, such as Na+, K+, Ca2+, Mg2+, 
Fe3+, and Al3+. Cations bound on the floc surface, partially neutralise the negative 
charged groups and therefore affect the net surface change (Wilé et al., 2003). 




Figure 4.26: Zeta Potential of Activated Sludge 
For E2 adsorption, the KF value of 0.60 mg1-1/n (m3)1/n g TSS-1 at pH 7 was comparable to 
that reported by Clara et al. (2004), which is 0.62 mg1-1/n (m3)1/n g TSS-1. Also, it was 
noted that the adsorption was the highest at neutral pH, but decreased while pH decreased 
or increased. The relative adsorption at initial concentration of 50 µg l-1, shown in Figure 
4.25, also confirmed this adsorption tendency of E2 with pH change. The lowest 
adsorption at a pH of 11.5 (KF=0.04 mg1-1/n (m3)1/n g TSS-1) could be explained by the 
electrostatic repulsion, which also agreed to the observation for E1 adsorption. Clara et al. 
(2004) also reported that E2 adsorption decreased from pH 7 to 12, and they described 
that it may be caused by the desorption process. The decrease of E2 adsorption with the 
decrease of pH was mainly attributed to other cations in the buffer solution that competed 
with E2 at the sorption sites.  
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From the above, it is clear that at pH 11.5, the adsorption of both E1 and E2 on sludge 
reached the minimum. This is because it is difficult for them to form hydrogen bonds 
with the sludge functional groups, when pH is above pKa (10.4). However, the E2 
adsorption on sludge decreased much more compared with that of E1, when pH 
decreased from 7 to 2. This difference might be attributed to the difference in their 
molecule structures. E2 possesses a 17-hydroxyl group directed upward from the 
molecule, whereas E1 has at C17 a carbonyl group instead of the hydroxyl group. 
Generally, hydroxyl group could reduce adsorbability of chemical compounds, so pH 2 
might counteract the hydrogen binding that the hydroxyl group of E2 donated hydrogen 
to biomass functional groups, but might not affect the carbonyl group of E1 to accept 
hydrogen from biomass functional groups.  
Additionally the specific adsorption coefficient KD, the distribution coefficients 
normalized to the organic matter KOM and the organic carbon content KOC of the biomass 
for E1 and E2 were calculated, as shown in Table 4.11. The mean values of log KD were 
2.78 and 2.61 l kg TSS-1, the mean values of log KOM were 2.96 and 2.79 l kg VSS-1 and 
the mean values of log KOC were 3.31 and 3.12 l kg OC-1 for E1 and E2, respectively. 
Compared to literature data, the log KOC values obtained in this study are analogous. 
Jürgens et al. (1999) indicated log KOC values of E2 were in a range between 2.78 and 
3.40, and Lai et al. (2000) stated log KOC values for E1 and E2 was 3.50. Also, Clara et al. 
(2004) reported the adsorption coefficients for E2, median values of 2.84 for log KD, 3.02 
for log KOM and 3.30 for log KOC.  
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Table 4.11: Specific Adsorption Coefficient KD (l kg TSS-1), KOM (l kg VSS-1) and 
KOC (l kg OC-1) for the Investigated Substances 
 
Substance Log KD Log KOM Log KOC 
E1 2.78±0.10 2.96±0.11 3.31±0.13 
E2 2.61±0.10 2.79±0.14 3.12±0.12 
E1-3S 1.67±0.13 1.77±0.08 2.21±0.10 
E2-3S 1.94 ±0.15 2.04 ±0.10 2.46± 0.12 
4.5.2.2 Adsorption of Natural Estrogen Conjugates 
The Freundlich Model was adopted to describe the adsorption capacity of estrogen 
sulfates, E1-3S and E2-3S. However, the adsorption of another group of estrogen 
conjugates, estrogen glucoronides, to biomass was not studied, as no adsorption of 
estrogen glucoronide was found in the pilot-scale and lab-scale MBR studies. For both 
E1-3S and E2-3S, 1/n remained almost constant, but KF changed with pH, indicating the 
adsorption capacity of E1-3S and E2-3S was affected by pH.  
From Figure 4.24 and Table 4.10, it is clear that for both E1-3S and E2-3S, pH 5, 7 and 9 
allowed for a comparable adsorption performance, but the adsorption capacity, indicated 
by KF, was the lowest (KF=0.006 mg1-1/n (m3)1/n g TSS-1 for E1-3S and 0.012 mg1-1/n 
(m3)1/n g TSS-1 for E2-3S) at a pH of 11.5, and it was the highest (KF=0.189 mg1-1/n 
(m3)1/n g TSS-1 for E1-3S and 0.347 mg1-1/n (m3)1/n g TSS-1 for E2-3S) at a pH of 2. The 
relative adsorption at initial concentration of 50 µg l-1, shown in Figure 4.25, also 
confirmed this adsorption tendency of E1-3S and E2-3S with pH change.  
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The highest adsorption at pH 2 was seen in this study, which might be attributed to the 
increased adsorbability of sulfate functional group of E1-3S and E2-3S at the sorption 
sites, and hence increased the relative adsorption of E1-3S and E2-3S to the sludge, as 
shown in Figure 4.24. This is because sulfate adsorption is strongly pH-dependent, and 
the batch experiments performed by Martinson and Alveteg (2004) also showed that the 
adsorbed amount, at a specific sulfate concentration, increased considerably with 
decreasing pH of soil. Turner and Kramer (1991) and Sparks (1999) demonstrated that 
sulfate may be adsorbed on various charged minerals, forming both inner-sphere and 
outer-sphere SO4 sorption complexes which became more dominant with decreasing pH. 
Practically, at low pH values, sulfate ions form strong complexes on some surface sites 
from which they could not be easily desorbed in spite that some organic ligands are more 
able to remove sulfate at acidic than neutral or alkaline environment (Jara et al., 2006). 
Therefore, it could be assumed that at pH 2, other than hydrogen bonds, the strong sulfate 
binding was also formed with the sludge functional groups, and increased the adsorption 
tendency of estrogen sulfates to the sludge.  
At pH values above 5, the number of negatively charged adsorbent sites increased and 
this decreased the adsorption of sulfate due to electrostatic repulsion. Harward and 
Reisenauer (1966) also reported that little sulfate adsorption occurred above pH 6-7. 
Therefore, it could be assumed that at pH higher than 5, the adsorption of E1-3S and E2-
3S was mainly due to estrogen hydrogen bonds. The lowest adsorption at pH 11.5 might 
be due to the fact that the estrogenic functional group of E1-3S and E2-3S dissociated 
into their ionic forms above their pKa (10.4). Therefore it is difficult for them to form 
hydrogen bonds with the biomass functional group. 
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From the above, it is clear that, the adsorption of estrogen sulfates could occur. However, 
the adsorped amount of estrogen sulfates (E1-3S and E2-3S) to the biomass was generally 
lower than those of their corresponding estrogens (E1 and E2), as they might be less 
hydrophobic than their corresponding estrogens. Physicochemical data for the conjugated 
estrogens were not found in the literature. However, estrogen conjugates likely had much 
greater aqueous solubility than unconjugated estrogens due to their polar glucuronide or 
sulfate functional groups (Hanselman et al., 2003). In addition, it is likely that estrogen 
sulfates were more hydrophobic than estrogen glucuronides. 
Additionally, the specific adsorption coefficient KD and the distribution coefficients 
normalized to the organic matter KOM and the organic carbon content KOC of the 
adsorbent for E1-3S and E2-3S were calculated, as shown in Table 4.11. The mean values 
of log KD were 1.67 and 1.94 l kg TSS-1, the mean values of log KOM were 1.77 and 2.04 l 
kg VSS-1 and the mean values of log KOC were 2.21 and 2.46 l kg OC-1 for E1-3S and E2-
3S, respectively. It is the first time to report the adsorption coefficients of estrogen 
sulfates. Compared with the values of the estrogens, it is clear that the estrogen 
conjugates had fewer tendencies to partition onto the activated sludge. 
4.5.2.3 Effect of Experimental Settings on Adsorption 
Laboratory studies of contaminant partitioning and transport behavior are dependent upon 
the exclusion of biological activity from the experimental system. Without the assurance 
of sterile conditions, losses due to biological activity can be misinterpreted as sorption to 
solid substrate, thus generating erroneous partitioning coefficients. Therefore, the 
activated sludge was sterilized first.  
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Of concern is the need to eliminate biological activity in sludge samples, without 
changing the intrinsic characteristics of the biomas which could affect the mechanisms of 
adsorption. Several techniques, including irradiation, autoclaving and amendment with 
poisons (e.g. HgCl2) have been employed to sterilize sludge. While some methods of 
sludge sterilization may change the nature of the sludge, e.g. the addition of various 
poisons, either organics (antibiotics) or inorganics (NaN3, HgC12), they can affect the 
sorptive capacity of the sludge or the thermodynamic activity in solution of the solute. 
The addition of poisons can also affect the ionic strength of the medium, and may also 
bind non-specifically to sites on the particulates leading to altered substrate binding of 
other dissolved solutes, as demonstrated with aniline for example (Byrne, 1991). 
In this study, biomass was heat sterilized by autoclaving, which might change the 
characteristics of activated sludge. However, it should be noted that limited data are 
available which describe the effects of this process on the biomass characteristics, and the 
consequent effect on physical and chemical partitioning. Since sorption of estrogens or 
conjugates mainly occurs via absorption, and absorption involves hydrophobic 
interactions of the aliphatic and aromatic groups of compounds with the lipophilic cell 
membrane of some microorganisms and the fat fractions of the sludge, adsorption also 
takes place due to electrostatic interactions of positively charged groups of estrogens and 
conjugates with the negative charges at the surface of the microorganisms’ membrane, 
therefore, hydrophobility expressed by contact angle and the surface charge for both 
activated and sterilized sludges were compared directly to differentiate the sorptive 
ability of activated and sterilized sludges. 
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As shown in Figure 4.26, the surface charge did not charge much after it was autoclaved. 
It means that sterilization did not change the adsorbability of sludge. However, the 
average contact angle of activated sludge was 36.6o, but that for sterilized biomass was 
21.8o. It indicates that the activated biomass was more hydrophobic than sterilized 
biomass, suggesting the hydrophobic interactions between biomass and estrogens or 
conjugates may decrease after autoclaving. From the above, it is conferred that the 
adsorption on activated sludge would be higher than that on the sterilized biomass. This 
means that the adsorption would be more than the results obtained in this study. 
Sirianuntapiboon et al. (2007) also reported that the dye adsorption ability of autoclaved 
bio-sludge was slightly decreased. This may have occurred because some parts of the 
adsorption sites on the surfaces of the bio-sludge were destroyed by wet-heat during 
autoclaving. Sirianuntapiboon and Ungkaprasatcha (2007) also reported that living bio-
sludge from domestic wastewater treatment plant was used as adsorbent of heavy metals 
(Pb2+, Ni2+) and its adsorption capacity was about 10–30% reduced by autoclaving at 
110 °C for 10 m. 
Ionic strength may be a major factor in determining the behavior of EDCs and conjugates 
in sludge-water system. Therefore, ionic strength was kept at 20 mM for all solutions, so 
that the pH of solution could be kept constant during 24 h. Although ionic strength can 
strongly influence the electrostatic interaction between fixed charge groups of organic 
macromolecules and hence their conformation, its effect on the size and shape of small 
organic molecules such as the hormone compounds used in this study was expected to be 
negligible. Nghiem and Schäfer (2002) reported that there was negligible effect of ionic 
strength on estrone adsorption by the membrane, Schäfer et al. (2001) also reported that 
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when ionic strength of solution was below 50 mM, it did not affect the adsorption of E1 
to negatively charged magnetic ion exchange (MIEX) beads.  
Compared with the environmental concentrations of EDCs and conjugates at level of ng  
l-1, the setting concentrations at level of µg l-1 are high. This is caused by the limit of 
detection for LC-MS-MS, which is only 1 µg l-1 (without solid phase extraction process). 
It is however, assumed that the effects of initial concentration of estrogens and conjugates 
on adsorption is negligible, because most n values for Freundlich Adsorption Model, 
shown in Table 4.10, are >1.0, which indicated that sludge sorption site availability had 
not reached the limit. This means that there was little competition for adsorption sites by 
estrogens or conjugates, even though the concentration of compounds was in µg l-1 range. 
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CHAPTER 5                                        
CONCLUSIONS AND RECOMMENDATIONS 
 
 
The aim of this project was to study the removal of EDCs by MBR systems. The specific 
purposes were to investigate the removal performance of E1, E2, EE2, BPA, NP and 
natural EDC conjugates, and overall estrogenicity from municipal wastewater in MBRs 
by the comparison of performance of MBRs and STPs; examination of anoxic-aerobic 
pilot-scale MBR systems; study of the elimination kinetics of EDCs, including 
biodegradation of EDCs, and de-conjugation of EDC conjugates under different initial 
concentration and MLSS concentration by batch study; study of the adsorption capacity 
of EDCs and conjugates to biomass under different pH value by batch study, and study of 
the influence of SRT and anoxic zone on the elimination capacity of EDCs by lab-scale 
MBR systems.  
5.1 Conclusions 
The removal of E1, E2, EE2, NP and BPA by lab-scale MBRs and STPs installed in 
parallel after anaerobic reactor was assessed and compared. MBR was found to be a 
better choice to remove EDCs due to its long SRT, high MLSS and so on. It is obvious 
that the removal performance of EDCs by MBRs was much better than that by STPs for 
all EDCs compounds tested. It is also evident that the longer HRT could improve the 
removal efficiency of E1, E2 and BPA. However, with the increase of HRT, the removal 
of NP was lowered. Moreover, the adsorption of NP on the biomass was demonstrated to 
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be the highest amongst all EDCs, and the adsorption of EDCs per kg biomass was higher 
in STPs than that in MBRs. 
The fate of active and potential endocrine disrupting compounds in 3 pilot-scale and 2 
lab-scale MBR systems were investigated. E1 was removed with relatively high 
efficiency, but E2 were removed with moderate efficiency by the MBRs. However, the 
experimental results indicated that after the treatment by MBR, substantial amounts of 
E1, E1-3S, E1-3G and E2-G passed through treatment systems and entered into the 
aquatic environment. The reduction in the levels of overall equivalent E1 and that of 
overall equivalent E2 was demonstrated for all the 3 pilot-scale MBR systems. For 
alkylphenol compounds, BPA was removed well, but 4-NP concentration was amplified 
after MBR treatment which could be caused by the transformation of its parent 
compounds (NPnEOs). The amounts of adsorbed estrogens per kg dry mass was 
relatively low, due to short HRT and high MLSS in MBRs, compared to that in STPs.   
The removal of E1, E2 and their conjugates under different sludge retention time (15d, 30 
and 45 d) by lab-scale MBRs installed in parallel was assessed and compared. E1-3G and 
E2-3G were easily eliminated under all SRT. However, for estrogen sulfates, the removal 
efficiency at SRT of 45 d was the highest, but the lowest was at 30 d. It is also noted that 
estrogen glucuronides were easier to be degraded than E2 sulfates. SRT did not affect E2 
removal much, but the removal of E1 was more complicated, because quite a big amount 
E1 could be formed when E2, E1-3G, E2-3G, E1-3S and E2-3S were degraded. For E1, 
SRT of 15 d has the best performance on E1 removal. The influence of anoxic zone on 
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EDCs removal was also studied by lab-scale MBR systems, and it is clear that the anoxic 
zone could decrease the estrogens and estrogen conjugates removal in the MBRs, because 
the microorganism population decreased. 
Adsorption to biomass is one of the main removal mechanisms for natural estrogens (E1 
and E2) elimination from sewage. In the batch study, the adsorption isotherm of steroid 
estrogens and their conjugates by the activated sludge can be described by the Freundlich 
equation. Based on the results, it appears that pH value was an important parameter. 
However, they appeared to affect only the adsorption capacity. For estrogen conjugates, 
the adsorption capacity of estrogen sulfates was reported here for the first time.  
Additionally, the specific adsorption coefficient KD, the distribution coefficients 
normalized to the organic matter KOM and the organic carbon content KOC of the 
adsorbent for estrogens and their conjugates were calculated. It should be noted that the 
real values for the above parameters to measure the adsorbability of estrogens and 
conjugates would be slightly higher because of the limitation of experimental settings. 
Kinetic studies of influence factors (initial concentration and MLSS concentration) on the 
degradation rates of E2 and its conjugates were presented in this study. The removal of 
E2 and its conjugates was strongly dependent on the initial concentration and MLSS 
concentration. In the batch experiments, all studied compounds were eliminated with the 
higher rate at the higher initial concentration and MLSS concentration tested. The 
Michaelis-Menten Model satisfactorily described the degradation of all compounds over 
the range of initial concentration and MLSS concentration tested. To our knowledge, this 
study is one of very few batch studies on degradation of natural estrogens and their 
      Conclusions and Recommendations 
190 
 
conjugates. This study is also the first one to describe degradation of estrogen conjugates 
affected by initial concentration and MLSS concentration. This study has considerable 
implication for better understanding of E2 and its conjugates removal in the biological 
process.  
This study obtained a more in-depth understanding of removal mechanisms in term of 
EDCs removal by MBR systems, and it is practically useful for MBR systems operation. 
With the optimized operational parameters, the MBRs can be operated with better EDCs 
removal performance. 
5.2 Recommendations 
Based on the results obtained from this research work, a number of research priorities are 
suggested:  
1) In the study of the degradation mechanism of estrogen conjugates, the production 
and subsequent degradation of natural estrogens and derivative conjugates were 
investigated. This is because natural estrogens are dangerous to the environment 
and estrogen conjugates are a kind of potential natural estrogens, as they can be 
de-conjugated to estrogens in the environment. However, estrogen conjugates can 
also be degraded to other metabolites, which may also be parent compounds of 
estrogens. Further study on other metabolites of estrogenic conjugates and their 
further degradation process to estrogens is recommended. 
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2) The influence of operation parameters, including HRT, MLSS, initial 
concentration, pH, anoxic zone and SRT, on EDCs and conjugates removal was 
studied. Further study on other untouched operational or environmental 
parameters, e.g. temperature, influent COD, sludge recirculation ratio in anoxic-
aerobic MBR, on EDCs and conjugates removal should be investigated.  
3) No apparent relationships between SRT and removal of EDCs in MBR were 
obtained, indicating that the distribution and the fate of estrogens are very 
complex, and no clear patterns associated with the process or treatment. It is 
suggested that a wider range of SRT should be studied further to explore the 
relationship between SRT and EDCs removal. 
4) The removal mechanisms of EE2 conjugates has not been studied. If synthetic 
EE2 conjugates are available in the market, the rates of deconjugation reactions in 
MBR system, the kinetics of biodegradation, and the adorption capacity should be 
measured in various matrices. 
5) Besides estrogens, other hormonally active agents (e.g. androgens, gestagens, 
growth promoters, and antibiotics) need to be characterized and studied. 
Ultimately, it may be necessary to develop cost-effective treatment strategies to 
reduce or eliminate endocrine disruption hazards. 
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